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Palavras-chave Líquidos Iónicos Fluorados, Transportadores Artificiais de 
Oxigénio, Solubilidade de Gases Respiratórios, Transição de 
Fases, Nanosegregação. 
Resumo Nos anos 80, as preocupações subjacentes à segurança e 
qualidade do sangue humano para fins biomédicos estimularam 
o desenvolvimento de transportadores artificiais de oxigénio 
(TAOs), também designados de substitutos artificiais do sangue. 
Posteriormente, surgiram as emulsões baseadas em 
perfluorocarbonetos (PFCs), que embora ainda hoje não sejam 
comercializadas, são considerados uns dos TAOs mais eficazes 
e fiáveis no transporte de gases respiratórios. 
O trabalho desenvolvido nesta tese visa a substituição total ou 
parcial dos PFCs existentes nas emulsões por líquidos iónicos 
fluorados (LIFs), com o objetivo de desenvolver TAOs mais 
eficazes e seguros. 
Inicialmente, foi realizada a caracterização termodinâmica de 
diversos LIFs, de modo a obter informações acerca do 
comportamento de fases dos mesmos. Posteriormente, foram 
analisadas as características nanoestruturais destes compostos 
através de simulação de dinâmica molecular. Para finalizar, a 
solubilidade dos gases respiratórios em LIFs foi estudada 
utilizando uma abordagem teórico-experimental, através de uma 
equação de estado baseada na teoria estatística de fluído 
associante (soft-SAFT EoS). 
Por fim, podemos concluir que os resultados obtidos neste 
projeto são de extrema importância para a seleção do melhor 
líquido iónico fluorado a ser utilizado no desenvolvimento de 
transportadores artificiais de oxigénio. 
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Abstract Intensive efforts to develop artificial oxygen carriers (AOCs), 
the so-called artificial blood substitutes, started in 1980s due to 
concerns about blood safety. Emulsions based on 
perfluorocarbons (PFCs) arose as one of the most reliable and 
effective candidate blood substitute. However, beyond the 
several approaches to commercialize these products, there are 
still no commercially available PFC-emulsions in the market. 
 This work is part of an ongoing project where 
fluorinated ionic liquids (FILs) were studied in order to evaluate 
their capacity to replace partially or totally the PFCs, opening 
doors to design and develop new suitable and effective AOC.  
 The thermodynamic characterization of several FILs 
was accomplished in order to obtain insights on their phase 
behaviour. Nanostructural features of these pure compounds 
were also characterized using Molecular Dynamics (MD) 
simulations. Finally, the solubility of respiratory gases in FILs 
was analysed using a theoretical-experimental combined 
approach, soft statistical associating fluid theory equation of 
state (soft-SAFT EoS).  
 The results achieved in this thesis are an outstanding, 
helpful contribution to find out the best promising FIL that can 
be selected as an appropriate candidate for artificial gas carriers. 
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1.1 General Context 
 In the past decades, safe and effective artificial oxygen carriers (AOC), also named as “blood 
substitutes”, have been proposed and extensively studied in chemistry and medical science. The constant 
necessity of donor blood is crucial for diverse medical situations, such as accidents and casualties which 
result in acute blood loss and the need to restore oxygen transport to the tissues. The inherent 
complications associated to the traditional blood transfusion make urgent the formulation of new 
suitable alternatives.(1–4) 
 The major interest to find out new products to replace the blood transfusion arises after the 
human immunodeficiency virus (HIV) appears, where cross-infections occurred. This fact brought into 
question the safety and community trust in the blood supply.(2,5) Nowadays, several screening tests are 
done to make sure that virus cross-infection is prevented, but they are expensive and time-consuming.(6) 
However, the emergence of new infectious agents requires the constant implementation of additional 
tests, increasing the cost even more. Even so, donated blood may contain infectious agents yet to be 
identified.(5,6) Furthermore, the non-viral complications that were usually neglected, such as blood 
bacterial contamination and transfusion-induced immunosuppressive effects, have been now the focus 
of intense efforts toward development of donor screening and prevention strategies.(5) The problems 
associated to blood banking (such as the limited shelf-life and severe shortages, and the increased 
demands of blood) have also been an obstacle.(7,8)  
 In the past several decades, an ideal AOC has been searched, but this goal is not yet achieved 
because there are no approved or commercially available products.(4) There are two principal types of 
AOCs that have been studied, which are current in clinical trials: haemoglobin-based oxygen carriers 
(HBOCs) and perfluorocarbon-based oxygen carriers (PFCOCs). Taking into account its reliability, 
emulsions based on perfluorocarbons (PFCs) are currently among the preferred AOC candidates.(9)  
 The extensive understanding of the unique physical and chemical properties of ionic liquids 
(ILs) has opening doors to design new biocompatible compounds, allowing their application in 
biomedical research.(10,11) However, there are still ILs families that are quite unexplored which is the 
case of fluorinated ionic liquids (FILs).  
 The main goal of the project where this work is included is the development of a new and 
improved generation of oxygen therapeutics using FILs. In this thesis, an effort to contribute to the 
design and development of FILs capable to partially or totally replace the PFCs currently used in the 
emulsions for oxygen therapeutics, is under investigation. The several advantages (such as enhancement 
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of respiratory gas solubility, emulsion stability due the outstanding chemical and biological inertness 
and lowering vapour pressure) (12) make these compounds feasible candidates to be used as oxygen 
carriers. 
 Towards that goal, combined experimental-theoretical approaches were used to obtain insights 
in to phase behaviour, nanostructure and capacity of the FILs to solubilize respiratory gases. This study 
was carried out in order to understand physicochemical and structural properties of FILs in order to 
select the most reliable compound to replace PFCs in the emulsions used as oxygen therapeutics. The 
results obtained in this thesis are expected to represent a big step in ionic liquid community, due to the 
great possibilities emerging in biomedical research using ILs. 
1.2 Artificial Oxygen Carriers 
 The artificial oxygen carriers are usually known as “blood substitutes”. However the use of this 
term has decreased because these products only transport the respiratory gases for a limited period of 
time, and do not replace the other vital functions of blood such as transport of nutrients, immune 
response, and coagulation.(2,13)  
 The underlying goal inherent to AOCs is the formulation of an effective and safe product, due 
to the problems of traditional blood transfusion and the enormous demand in clinical use. Some of the 
clinical indications where AOCs can be advantageous are: pre-hospital administration in the field or 
during them route care; on administrations in remote environments in the case of disaster or combat 
situations; in situations of blood transfusion refusal; and for transplant organ preservation.(14)  
 In recent years, several efforts were done in order to obtain an ideal AOC characterized by the 
following characteristics: bulk supply availability, inexpensive, nontoxic, effective for the transport and 
delivery of oxygen without tissue damage, non-pathogenic, compatible with all blood types, rapid 
metabolization and elimination in vivo, without immune system interactions, easy to handle and store, 
long shelf-life and stability, and prolonged circulation time with effective function.(8,15)  
 There are two types of AOCs that are distinguished by the transport mechanism of respiratory 
gases: perfluorocarbon-based oxygen carriers (PFCOCs, where the oxygen is dissolved in 
perfluorocarbon (PFC) emulsions) and the haemoglobin-based oxygen carriers (HBOCs, in which 
oxygen is covalently bound to the haemoglobin (Hb)).(2,8) The main differences between the two 
classes are the molecular structures, uptake and release profiles of respiratory gases, transport 
mechanisms, nature of the materials, manufacture process, and cost.(2)  
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 HBOCs, as the name indicates, are composed by a chemical modified Hb which is structurally 
similarly to the in vivo human Hb. They can be derived from human, animal or genetic recombination 
sources.(13) An impressive diversity of structural modifications and formulations of HBOCs have been 
developed and some of them are currently in clinical trials.(14) The final products are usually formulated 
as solutions, capsules or suspensions of liposomes, and more recently, as micro and nanoparticles.(7) 
Each formulation has its own distinct mechanisms for oxygen delivery with different physiological 
responses. However, there are many of clinical implications in the use of these substitutes, such as 
neurovascular, immunologic, gastrointestinal and infectious.(15)  
 PFCOCs are formulated as emulsions for intravenous administration because the PFCs are 
highly hydrophobic leading to a lower solubility in water. Consequently, to reduce the large tension at 
the interface between fluorocarbon and aqueous phase, surfactants are normally used to stabilize the 
PFC-emulsions.(2,8,16,17) There are two surfactants that have been used in the formulation of 
fluorocarbon emulsions: poloxamers and egg-yolk phospholipids (which is that most utilized 
nowadays).(2)  
 The preparation of PFC-emulsions involves the coating of the fluorocarbons with the surfactant 
compound in a saline phase leading to droplet formation. The gas molecules are dissolved in these 
droplets occupying the spaces between the fluorocarbons. Afterwards, these droplets, when 
administered into the blood circulation, can fill the gaps between the red blood cells that are still in the 
plasma on ischemic microcirculation. This enables the diffusion of the oxygen molecules into the tissues, 
supplying oxygenation and restoring aerobic metabolism.(2)  
 The first commercial injectable PFC-emulsion approved by the American Food and Drug 
Administration (FDA) was Fluosol, which uses perfluorodecalin (PFD), a purely cyclical PFC that is 
rapidly excreted from the body. The interest of this product was its use in percutaneous transluminal 
coronary angioplasty. However the cardiologists did not adopt Fluosol because improvements in 
angioplasty technology made its use redundant. The principal limitation associated with this product 
was the storage method. It was necessary to defrost the compound and re-constitute it before using. 
Furthermore, its poor efficacy as an oxygen carrier was later demonstrated. Other PFC-emulsions of the 
first generation, such as Perftotran and Oxypherol, were produced. However, these formulations were 
withdrawn from clinical trials or never reached this phase due to their toxicity effects.(3,8,16)  
 The development of second generation PFC emulsions happened with the aim to: (i) formulate 
products with higher efficacy by increasing the total PFC content and, in turn, the oxygen-carrying 
capacity; (ii) eliminate side effects, by utilizing phospholipids as surfactants rather than poloxamers; 
and (iii) improve stability regarding storage and hence shelf-life. However, the concentration increment 
of PFCs to enhance their oxygen carrier potential, leads an increment of their viscosity hindering their 
use in blood circulation. Additionally, the lower sensitivity to manufacturing process and storage was a 
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problem encountered in these new products. They were essentially based on perflubron or 
perfluorodecalin and some of the examples are Oxigent, Oxyfluor, TherOx, among others. Sustained 
efforts have subsequently led to more advanced second generation products that are nowadays in clinical 
trials.(2,8,15,16) The composition and characteristics of some injectable PFC emulsions are shown in 
Table 1.1.  
 Fluorocarbon emulsions offer a simple, elegant and cost-effective vehicle for delivering oxygen 
to tissues. Nowadays, efforts are focused in extending the range of therapeutic indications of such 
products to apply them in other biomedical applications.(18,19) 
Table 1.1. Composition and applications of injectable PFC emulsion oxygen carriers.  
Emulsion Perfluorocarbons Application 
“First generation” emulsions 
Fluosol Perfluorodecalin or perfluorotripropylamine in albumin emulsion 
Patients with severe blood loss, religious 
objections to transfusions and high-risk 
coronary balloon angioplasty 
Perftotran 
Perfluorodecalin or 
perfluoromethylcyclopiperidine in nonionic 
surfactant 
Cardiac valvuloplasty surgery 
“Second generation” emulsions 
Oxygent Perfluorobron in lectin with perfluorodecyl bromide Cardiopulmonary bypass 
Oxyfluor Perfluorodichlorooctane in egg yolk phospholipid and safflower oil Surgery 
Adapted from reference (20) 
1.3 Perfluorocarbons 
 Perfluorocarbons (PFCs) are chemically and biologically inert, heat stable, fluorine-substituted 
hydrocarbons (linear, cyclic or polycyclic) that can dissolve large amounts of oxygen, carbon dioxide 
and other gases. In addition, the ability to produce small particle sizes and low-viscosity suspensions 
turns the PFCs into a great AOCs.(21) These compounds are essentially composed of fluorine-carbon 
bonds, which contribute to their high chemical and thermal stability, because it is the strongest single 
bound in organic chemistry. The fluorine atoms are large in size, and compared to hydrogen have a high 
electron density resulting in a compact shield, thus providing protection to backbone C-C, and making 
this structure even more stable.(3)  
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 Their unique gas-dissolving ability are a consequence of the weakness of intermolecular 
cohesion forces characteristic of liquid fluorocarbons, enabling the formation of spaces to accommodate 
gas molecules within the liquid.(22) No chemical bonding, coordination, or charge-transfer complexes 
between the PFCs and the dissolved gas molecules seem to occur. These compounds are apolar and non-
associated liquids. Then, the gas dissolving ability is determined by the shape of the molecules. The 
fluorocarbons are considered metabolically inert.(22) The most investigated fluorocarbons for oxygen 
delivering are illustrated in Figure 1.1. 
 
 
Figure 1.1. PFCs most investigated as AOCs: a) perfluorodecalin, b) perfluorotripropylamine, c) 
perfluoromethylcyclohexypiperidine, d) α,ω-dicholoroperfluorooctane, e) perfluorooctyl bromide 
(perfluorobron).
 
 Perfluorocarbons have numerous biomedical applications, such as using them pure as liquids 
for liquid ventilation or in the emulsified form for respiratory failure treatment.(18) They are also used 
as high-density intraoperative fluids for eye surgery,(23) as red blood cell substitutes including all the 
situations of: surgical anaemia, haemolytic anaemia, ischemic disease, angioplasty, extracorporeal organ 
perfusion, cardioplegia (24) and radiotherapy of tumours.(3) Furthermore, they have been used as an 
ultrasound imaging contrast agent,(25) as a marker during magnetic resonance imaging (MRI) and other 
approaches concerning this technique.(25) Other applications of fluorocarbons in medicine are being 
explored, such as drug delivery, gene therapy, brain cooling, and organ and cell preservation.(26)  
 There are a large number of other relevant industrial applications of PFCs such as co-solvents 
in supercritical extraction;(27) as medium in two-phase reaction mixture;(28) as refrigerants, aerosol 
propellants and foam blowing agents (29) and in cell culture aeration.(30) Moreover, due to the 
exceptional solubility of carbon dioxide in perfluoroalkanes, they are attractive for carbon removal from 
gaseous effluents in industrial processes.(31)  
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 However, the perfluorocarbons present clear limitations such as high vapour pressures and poor 
solvating capacity for organic compounds, which might compromise their use as artificial oxygen 
carriers. 
1.4 Fluorinated Ionic Liquids 
 Ionic liquids (ILs) are a subset of molten salts, thus composed by ionic compounds, with melting 
points below 373 K. ILs are liquids because the anions and cations are chosen precisely to destabilize 
the solid-phase crystal. Then, these compounds present low symmetry, higher distribution charge and 
low intermolecular interactions.(32) The most common studied ILs are nitrogen-based and in Figure 
1.2. and Figure 1.3, are depicted the most common cations and anions reported in the literature. 
 
 
Figure 1.2. Most common cation structures of ILs: a) ammonium, b) pyrrolidinium, c) 1-methyl-3-
alkylimidazolium, d) 1,3-bis[3-methylimidazolium-1-yl]alkane, e) phosphonium, f) pyridinium, g) 
poly(diallyldimethylammonium) and h) metal (M+) tetraglyme. (Adapted from reference (32))  
 
 
Figure 1.3. Most common anion structures of ILs: a) halides (F¯, Cl¯, Br¯, I¯), b) formate, c) nitrate, d) hydrogen 
sulfate, e) heptafluorobutyrate, f) bis(perfluoromethylsulfonyl)imide, g) tetrafluoroborate, h) thiocyanate, i) 
hexafluorophosphate, j) tris(pentafluoroethyl)trifluorophosphate, k) dicyanamide, l) poly(phosphonate), m) and 
tetrachloroferrate. (Adapted from reference (32)) 
 
 Nowadays, ILs has been investigated as green solvents (33) due to their exceptional properties 
such as negligible vapour pressure, large liquid range, high thermal stability, high ionic conductivity, 
large electrochemical window and ability to solvate compounds of widely varying polarity.(34) They 
a) b) c) d)
e) f) g) h) 
a) b) c) d) e) f) 
h) i) j) k) l) 
g) 
m) 
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create cleaner and more sustainable chemistry, increasing their interest as an environmental friendly 
solvents.(35)  
 The most outstanding feature of ILs is the possible manipulation of their properties, due to the 
enormous range of possible cation-anion combinations. Thus, ILs are recognized as “designer solvents” 
enabling the modification of hydrophobicity, solution behaviour, thermophysical properties, 
biocompatibility, or toxicological behaviour.(32) The ionic liquids can be applied in the most diverse 
fields, such as solvents and catalysts, analytics, in engineering, electrochemistry, physical chemistry, 
biological and pharmaceutical uses.(11,36-39)  
 Although the IL field has been largely investigated, there are still unexplored families such as 
the fluorinated ionic liquids (FILs) family (12). The molecular structure of FILs is characterized by the 
additional carbon-fluorine bonds which increase their rigidity and decrease their polarity.(40) They are 
of a particular interest in areas where PFCs are relevant such as biomedical applications and in vivo 
AOCs.  
 In this work, FILs are defined as ionic liquids with fluorinated chain lengths equal or longer 
than four carbon atoms, distinguishing them from mere fluoro-containing FILs, such as 
bis(trifluoromethylsulfonyl)imide, hexafluorophosphate and tetrafluoroborate anions.(12,40) These ILs 
can present advantageous and different properties due to the addition of a new nanosegregated 
fluorinated domain, which can modify their mesomorphic properties and molecular geometry, 
increasing the tuneability power of conventional ionic liquids.(41,42)  
 The impact of these compounds in biomedical applications has been pointed out due to their 
potential as gas carriers, artificial blood substitutes, liquid ventilation media, imaging agents and 
intravenous formulations.(9,41,43-45) They combine the best properties of ionic liquids (ILs) with those  
of perfluorocarbons, namely: high gas solubility, low surface tension, relatively low vapour pressure, 
generally high thermal and chemical stabilities, weak interactions with organic compounds, remarkable 
chemical and biological inertness, tuneable toxicity and easy recovery and recyclability.(12,45) These 
exceptional properties also enable their application as new alternative cleaner compounds, substituting 
the usually harmful perfluorinated surfactants used in a wide range of industrial applications.(9,46,47) 
Several FILs have been explored for other applications such as electrochemistry, mostly used as 
electrolyte components in the production of energy storage devices, metal batteries such as lithium, fuel 
and solar cells. These compounds can be also useful in the catalysis of several reactions.(48-55)  
 The unique properties of FILs lead to high gas solubility and low energies required for expelling 
the gas molecules due to the repulsive tendency of fluorine atoms. The high solubility of gases, 
especially carbon dioxide in FILs has already been demonstrated.(44,56) A comparison between values 
for the CO2 solubility in a fluorinated ionic liquid (56) and in perfluoro-n-octane (57) at similar 
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conditions indicates that the new FILs have greater solubilisation capacities for CO2 than the traditional 
PFCs. On the other hand, FILs have also shown an improved behaviour as surfactants which is conferred 
by the highly nanostructured nature,(41,46,58) remarkably facilitating the formation and stabilization of 
dispersions of perfluorocarbons in a conventional IL.(59) All the mentioned properties of the FILs are 
significant to allow their application in the PFC- emulsions as oxygen carriers. The FILs could be used 
as a surfactant in order to enhance the emulsion stability and increase the solubility of respiratory gas, 
or could totally replace the PFCs. The FILs research has been emerge but the information is still very 
scarce. Deep studies about structuration, solubility of gases, biocompatibility, and other 
physicochemical properties are necessary in order to use these compounds as AOCs. 
 In this thesis, the structural and thermal characterization of these FILs was performed using 
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). These techniques allow 
the identification of the solid-fluid transitions, decomposition temperatures and thermodynamic 
behaviour of these compounds. Additionally, molecular dynamics (MD) simulations have been carried 
out in order to study and understand the complex nanostructure and properties at atomistic level. Finally, 
the Soft Statistical Associating Fluid Theory Equation of State (soft-SAFT EoS) was used in order to 
give insights into vapour-liquid equilibria of the binary mixtures FILs + gases in order to study the 
solubility of respiratory gases in the FILs. 
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(12) Pereiro, A. B.; Araújo, J. M. M.; Martinho, S.; Alves, F.; Nunes, S.; Matias, A.; Duarte, C. M. M.; 
Rebelo, L. P. N.; Marrucho, I. M. Fluorinated Ionic Liquids: Properties and Applications. ACS 
Sustainable Chem. Eng. 2013, 1, 427-439. 
(13) Alayash, A. I. Blood substitutes: why haven’t we been more successful? Trends in Biotechnol. 
2014, 32, 177-185. 
(14) Njoku, M.; St Peter, D.; Mackenzie, C. F. Haemoglobin-based oxygen carriers: indications and 
future applications. Br J Hosp Med. 2015,76, 78-83. 
(15) Cohn, C. S.; Cushing, M. M. Oxygen Therapeutics: Perfluorocarbons and Blood Substitute Safety. 
Crit Care Clin. 2009, 25, 399-414. 
(16) Vorob’ev, S. I. First- and Second-Generation Perfluorocarbon Emulsions. Pharm Chem J. 2009, 
43, 209-218. 
(17) Riess, J. G. Perfluorocarbon-based Oxygen Delivery. Artif Cells, Blood Substitutes, and Biotechnol. 
2006, 34, 567-580. 
New Artificial Blood Substitutes using Fluorinated Ionic Liquids 
General Introduction 
 
 
12 
 
(18) Krafft, M. P. Fluorocarbons and Fluorinated Amphiphiles in Drug Delivery and Biomedical 
Research. Adv Drug Deliver Rev. 2001, 47, 209-228. 
(19) Riess, J. G. Fluorous Micro- and Nanophases with a Biomedical Perspective. Tetrahedron. 2002, 
58, 4113-4131. 
(20) Modery-Pawlowski, C. L.; Tian, L. L.; Pan, V.; Sen Gupta, A. Synthetic Approaches to RBC 
Mimicry and Oxygen Carrier Systems. Biomacromolecules. 2013, 14, 939-948. 
(21) Lowe, K. C. Fluorinated Blood Substitutes and Oxygen Carriers. J Fluor Chem. 2001, 109, 59-65. 
(22) Centis, V.; Vermette, P. Enhancing Oxygen Solubility Using Hemoglobin- and Perfluorocarbon-
based Carriers. Front Biosci. 2009, 14, 665-688. 
(23) Miller, J. H.; Googe, J. M.; Hoskins, J. C. Combined Macular Hole and Cataract Surgery. Am J 
Ophthalmol. 1997, 123, 705-707. 
(24) Cohn, S. M. Blood Substitutes in Surgery. Surgery. 2000, 127, 599-602.  
(25) Díaz-López, R.; Tsapis, N.; Fattal, E. Liquid Perfluorocarbons as Contrast Agents for 
Ultrasonography and 19F-MRI. Pharm Res. 2010, 27, 1-16. 
(26) Lehmler, H-J. Perfluorocarbon Compounds as Vehicles for Pulmonary Drug Delivery. Expert Opin. 
Drug Deliv. 2007, 4, 247-262. 
(27) Horváth, I. T.; Rabai, J. Facile Catalyst Separation Without Water - Fluorous Biphase 
Hydroformylation of Olefins. Science, 1994, 266, 72-75. 
(28) Wallington, T. J.; Schneider, W. F.; Worsnop, D. R.; Nielsen, O. J.; Sehested, J.; Debruyn, W. J.; 
Shorter, J. A. The Environmental Impact of CFC Replacements HFCs and HCFCs. Environ Sci Technol. 
1994, 28, 320A-326A. 
(29) Elibol, M.; Mavituna, F. A Remedy to Oxygen Limitation Problem in Antibiotic Production: 
Addition of Perfluorocarbon. Biocheml Eng J. 1999, 3, 1-7. 
(30) Wasanasathian, A.; Peng, C.-A. Enhancement of Microalgal Growth by Using Perfluorocarbon as 
Oxygen Carrier. Art. Cells, Blood Subs., Immob. Biotech. 2001, 29, 47-55. 
(31) Walden, P. Molecular Weights and Electrical Conductivity of Several Fused Salts. Bull de 
l'Académie Impérial des Sci St.-Pétersbog. 1914, 8, 405-422. 
(32) Hayes, R.; Warr, G. G.; Atkin, R. Structure and Nanostructure in Ionic Liquids. Chem Rev. 2015, 
115, 6357-6426.  
(33) Earle, M. J.; Seddon, K. R. Ionic liquids. Green Solvents for the Future. Pure Appl Chem. 2000, 
72, 1391-1398.  
(34) Zhang, S.; Sun, N.; He, X.; Lu, X.; Zhang, X. Physical Properties of Ionic Liquids: Database and 
Evaluation. J Phys Chem Ref Data. 2006, 35, 1475-1517. 
(35) Petkovic, M.; Seddon, K. R.; Rebelo, L. P. N.; Pereira, C. S. Ionic liquids: a Pathway to 
Environmental Acceptability. Chem Soc Rev. 2011, 40, 1383-403. 
(36) Patel, D. D.; Lee, J.-M. Applications of Ionic Liquids. Chem Rec. 2012, 12, 329-55. 
(37) Werner, S.; Haumann, M.; Wasserscheid, P. Ionic Liquids in Chemical Engineering. Annu Rev 
Chem Biomol Eng. 2010, 1, 203-30. 
(38) Patel, R.; Kumari, M.; Khan, A. B. Recent Advances in the Applications of Ionic Liquids in Protein 
Stability and Activity: A Review. Appl Biochem Biotechnol. 2014, 172, 3701-20. 
New Artificial Blood Substitutes using Fluorinated Ionic Liquids 
General Introduction 
 
 
13 
 
(39) Shamsi, S. A.; Danielson, N. D. Utility of Ionic Liquids in Analytical Separations. J Sep Sci. 2007, 
30, 1729-50. 
(40) Shen, Y.; Kennedy, D. F.; Greaves, T. L.; Weerawardena, A.; Mulder, R. J.; Kirby, N.; Song, G.; 
Drummond, C. J. Protic Ionic Liquids with Fluorous Anions: Physicochemical Properties and Self-
Assembly Nanostructure. Phys Chem Chem Phys. 2012,14, 7981-7992 
(41) Pereiro, A. B.; Pastoriza-Gallego, M. J.; Shimizu, K.; Marrucho, I. M.; Lopes, J. N. C.; Piñeiro, M. 
M.; Rebelo, L. P. N. On the Formation of a Third, Nanostructured Domain in Ionic Liquids. J Phys 
Chem B. 2013, 117, 10826-10833. 
(42) Shimizu, K.; Freitas A. A.; Canongia Lopes, J. N. Structural Characterization of the 
[CnC1im][C4F9SO3] Ionic Liquid Series: Alkyl versus Perfluoroalkyl Side Chains. J Mol Liq. 2016, 
http://dx.doi.org/10.1016/j.molliq.2016.08.014. 
(43) Vieira, N. S. M.; Reis, P. M.; Shimizu, K.; Cortes, O. A.; Marrucho, I. M.; Araújo, J. M. M.; 
Esperança, J. M. S. S.; Canongia Lopes, J. N.; Pereiro, A. B.; Rebelo, L. P. N. A Thermophysical and 
Structural Characterization of Ionic Liquids with Alkyl and Perfluoroalkyl Side Chains. RSC Adv. 2015, 
5, 65337-65350. 
(44) Almantariotis, D.; Gefflaut, T.; Pádua, A. A. H.; Coxam J.-Y., Gomes M. F. C. Effect of 
Fluorination and Size of the Alkyl Side-Chain on the Solubility of Carbon Dioxide in 1-Alkyl-3-
methylimidazolium Bis(trifluoromethylsulfonyl)amide Ionic Liquids. J Phys Chem B. 2010, 114, 3608-
3617. 
(45) Zhou, L.; Fan, J.; Shang, X. CO2 Capture and Separation Properties in the Ionic Liquid 1-n-Butyl-
3-Methylimidazolium Nonafluorobutylsulfonate. Materials. 2014, 7, 3867-3880. 
(46) Pereiro, A. B.; Araújo, J. M. M.; Teixeira, F. S.; Marrucho, I. M.; Piñeiro, M. M.; Rebelo, L. P. N. 
Aggregation Behavior and Total Miscibility of Fluorinated Ionic Liquids in Water. Langmuir. 2015, 31, 
1283-1295. 
(47) Teixeira, F. S.; Vieira, N. S. M.; Cortes, O. A.; Araújo, J. M. M.; Marrucho, I. M.; Rebelo, L. P. N. 
Phase Equilibria and Surfactant Behavior of Fluorinated Ionic Liquids with Water. J Chem Thermodyn. 
2015, 99-107. 
(48) Zhou, Z.-B.; Matsumoto, H.; Tatsumi, K. Cyclic Quaternary Ammonium Ionic Liquids with 
Perfluoroalkyltrifluoroborates: Synthesis, Characterization, and Properties. Chem Eur J. 2006, 12, 2196-
2212. 
(49) Arvai, R.; Toulgoat, F.; Médebielle, M.; Langlois, B.; Alloin, F.; Iojoiu, C.; Sanchez, J. Y. New 
Aryl-Containing Fluorinated Sulfonic Acids and their Ammonium Salts, useful as Electrolytes for Fuel 
Cells or Ionic Liquids. J Fluor Chem. 2008, 129, 1029-1035. 
(50) Appetecchi, G. B.; Montanino, M.; Carewska, M.; Moreno, M.; Alessandrini, F.; Passerini, S. 
Chemical–Physical Properties of Bis(perfluoroalkylsulfonyl)imide-based Ionic Liquids. Electrochim 
Acta. 2011, 56, 1300-1307. 
(51) Tsuzuki, S.; Umecky, T.; Matsumoto, H.; Shinoda, W.; Mikami, M. Interactions of 
Perfluoroalkyltrifluoroborate Anions with Li Ion and Imidazolium Cation: Effects of Perfluoroalkyl 
Chain on Motion of Ions in Ionic Liquids. J Phys Chem B. 2010, 114, 11390-11396. 
(52) Luo, J.; Jensen, A. H.; Brooks, N. R.; Sniekers, J.; Knipper, M.; Aili, D.; Li, Q.; Vanroy, B.; 
Wübbenhorst, M.; Yan, F.; Meervelt, L. V.; Shao, Z.; Fang, S.; Luo, Z.-H.; De Vos, D. E.; Binnemans, 
K.; Fransaer, J. 1,2,4-Triazolium Perfluorobutanesulfonate as an Archetypal Pure Protic Organic Ionic 
Plastic Crystal Electrolyte for All-Solid-State Fuel Cells. Energy Environ Sci, 2015, 8, 1276-1291.  
New Artificial Blood Substitutes using Fluorinated Ionic Liquids 
General Introduction 
 
 
14 
 
(53) Abate, A.; Petrozza, A.; Roiati, V.; Guarnera, S.; Snaith, H.; Matteucci, F.; Lanzani, G.; 
Metrangolo, P.; Resnati, G. A Polyfluoroalkyl Imidazolium Ionic Liquid as Iodide Ion Source in Dye 
Sensitized Solar Cells. Org Electron 2012, 13, 2474-2478. 
(54) Pozzi, G.; Mihali, V.; Foschi, F.; Penso, M.; Quici, S.; Fish, R. H. 3,5-Bis(n-
perfluorooctyl)benzyltriethylammonium Bromide (F-TEBA): An Efficient, Easily Recoverable 
Fluorous Catalyst for Solid-Liquid PTC Reactions. Adv Synth Catal. 2009, 351, 3072-3076. 
(55) Tsukada, Y.; Iwamoto, K.; Furutani, H.; Matsushita, Y.; Abe, Y.; Matsumoto, K.; Monda, K.; 
Hayase, S.; Kawatsuraa, M.; Itoha, T. Preparation of Novel Hydrophobic Fluorine-Substituted-Alkyl 
Sulfate Ionic Liquids and Application as an Efficient Reaction Medium for Lipase-Catalyzed Reaction. 
Tetrahedron Lett. 2006, 47, 1801-1804. 
(56) Muldoon, M. J.; Aki, S. N. V. K.; Anderson, J. L.; Dixon, J. K.; Brennecke, J. F. Improving Carbon 
Dioxide Solubility in Ionic Liquids. J Phys Chem B. 2007, 111, 9001-9009. 
(57) Dias, A. M. A.; Carrier, H.; Daridon, J. L.; Pàmies, J. C.; Vega, L. F.; Coutinho, J. A. P.; Marrucho, 
I. M. Vapor-Liquid Equilibrium of Carbon Dioxide-Perfluoroalkane Mixtures: Experimental Data and 
SAFT Modeling. Ind Eng Chem Res. 2006, 45, 2341-2350. 
(58) Luís, A.; Shimizu, K.; Araújo, J. M. M.; Carvalho, P. J.; Lopes-da-Silva, J. A.; Canongia Lopes, J. 
N.; Rebelo, L. P. N.; Coutinho, J. A. P.; Freire, M. G., Pereiro, A. B. Influence of Nanosegregation on 
the Surface Tension of Fluorinated Ionic Liquids. Langmuir. 2016, 32, 6130-6139. 
(59) Merrigan, T. L.; Bates, E. D.; Dorman, S. C.; Davis, J. H. New Fluorous Ionic Liquids Function as 
Surfactants in Conventional Room-Temperature Ionic Liquids. Chem Commun. 2000, 20, 2051-2052. 
 
New Artificial Blood Substitutes using Fluorinated Ionic Liquids 
Nanoscale Structuring of the Fluorinated Ionic Liquids 
 
 
15 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. Nanoscale Structuring of the Fluorinated 
Ionic Liquids 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
New Artificial Blood Substitutes using Fluorinated Ionic Liquids 
Nanoscale Structuring of the Fluorinated Ionic Liquids 
 
 
16 
 
 
  
New Artificial Blood Substitutes using Fluorinated Ionic Liquids 
Nanoscale Structuring of the Fluorinated Ionic Liquids 
 
 
17 
 
 
2.1 Introduction 
 Fluorinated compounds have an increased potential in several biomedical approaches due to 
their bulky fluorocarbon compositions. Their outstanding gas dissolving capacity, extreme inertness, 
high surface activity and strong tendency to self-aggregate into stable and well-organized assembler 
make them great candidates for fluorocarbon emulsions, microemulsions, gels, dispersions, aerosols, 
etc. used in biomedical applications. In this thesis, general insights in the nanostructure of several FILs 
have been characterized in order to design and develop the best fluorinated compounds to use in 
biomedical research.(1)  
 The nanostructural characterization of ionic liquids (ILs) has been broadly studied. The self-
assembled nanostructure of these compounds has been demonstrated due to the polar / apolar 
nanosegregation.(2–7) Several studies (2–5) have established the interplay between cations and anions 
and charged/non-charged moieties, which leads to the segregation between the polar and apolar regions 
in the ILs. This self-aggregation creates high-charge and low-charge electronic density distribution 
domains in the liquid.(2–5) The contribution of the different ion-ion interactions and other molecular 
effects, like symmetry and flexibility of the structured features, have also an impact on the properties of 
ionic liquids.(6)  
 Nevertheless, the structural organization of the fluorinated ionic liquids (FILs) is still quite 
unexplored. This organization is more complex due to the addition of a new nanosegregated domain 
from the contribution of the fluorinated side chains. The molecular structure of the FILs is characterized 
by the presence of the carbon-fluorine bonds, the most stable and strongest single bond in organic 
chemistry.(8) These bonds increase the rigidity and decrease the polarity of these compounds.(9) 
Moreover, the addition of the fluorinated domains might confer advantageous properties to FILs due to 
modification of the mesomorphic properties and molecular geometry.(8,10–13) The self-assembly 
nanostructure of FILs have been already reported and strongly supported in previous works.(10,14) In 
these studies, the formation of one polar and two apolar (fluorinated and hydrogenated) nanosegregated 
domains was demonstrated. Then, there are evidences in the literature of the tri-continuous 
nanostructures in ILs with perfluorinated regions added in the cation or anion, leading to the segregation 
of the polar, hydrocarbon and fluorocarbon moieties. (8,10–13)  
 This structural behaviour can widely contribute to the thermal behaviour of the selected FILs. 
The phase transitions and decomposition temperatures are critical properties that provide information 
about structure (15) and the liquid range of these compounds. These thermal properties are also 
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important to know the thermal range of application of these FILs.(16,17) Besides, the melting 
temperature gives structural information due their dependency of the molecular arrangement in the 
crystal lattice. The structural factors (like intermolecular interactions, molecular symmetry, 
conformational changes, distribution of charge and size of the ions) can influence the range and number 
of the phase transitions.(7,18) The presence of linear alkyl side chains is related to the increment of the 
flexibility of these FILs. This flexibility increases the conformational changes of these compounds 
yielding more solid-solid polymorphic transitions.(19) Then, the motion of the side chains might provide 
important information about the behaviour of the ILs structure.(18)  
 To study the role of the three nanosegregated domains in this complex structural behaviour, 
FILs with the richest phase behaviour were selected. This study allows us to understand which structural 
features are the most outstanding, to design and develop the most favourable FIL for artificial oxygen 
carriers. In order to achieve well-matched compounds that follow the complex biological processes, 
several structure variations were considered. The effect of the hydrogenated side chain length, the type 
of cation and the type of anion in the thermodynamic and thermal behaviour of FILs were studied 
through the complete solid-fluid phase transitions analysis using calorimetric and thermal tools. 
Moreover, information about the structural modifications at atomic level were obtained by molecular 
dynamics (MD) simulations. This information extends the knowledge about the complex structuration, 
sustaining the impressive thermal behaviour of these novel compounds. 
2.2 Materials  
 1-Ethyl-3-methylpyridinium perfluorobutanesulfonate, [C2C1py][C4F9SO3], 99% mass fraction 
purity, 1-butyl-1-methylpyrrolidinium bis(nonafluorobutylsulfonyl)imide, [C4C1pyr][N(C4F9SO2)2], > 
98% mass fraction purity, 1-butyl-1-methylpyrrolidinium perfluorobutanesulfonate, 
[C4C1pyr][C4F9SO3], > 98% mass fraction purity, and 1-methyl-3-octylimidazolium 
perfluorobutanesulfonate [C8C1Im][C4F9SO3], > 99% mass fraction purity, were supplied by IoLiTec 
GmbH. All the chemical structures and acronyms of the FILs are represented in Table 2.1.  
 These FILs were all dried under vacuum (3·10-2 Torr) and vigorously stirred at 323.15 K for at 
least 2 days, immediately before the experiments, in order to remove water and volatile substances. The 
water content was measured by Karl Fischer titration and was lower than 100 ppm in all FILs. The purity 
of the commercial products was also checked by 1H and 19F NMR. 
 Furthermore, 1-hexyl-3-methylimidazolium perfluorobutanesulfonate, [C6C1Im][C4F9SO3] (10) 
and tetrabutylammonium perfluorobutanesulfonate, [N4444][C4F9SO3] (10) were used for comparison 
purposes. Their chemical structures and acronyms are also shown in Table 2.1.  
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a from reference (10)  
  
Table 2.1 - Chemical structure and respective acronyms of the studied fluorinated ionic liquids.
FIL Designation Chemical Structure 
1-Ethyl-3-methylpyridinium 
perfluorobutanesulfonate 
[C2C1py][C4F9SO3]  
1-Butyl-N-methylpyrrolidinium 
bis(nonafluorobutylsulfonyl)imide 
[C4C1pyr][N(C4F9SO2)2]  
1-Butyl-N-methylpyrrolidinium 
perfluorobutanesulfonate 
[C4C1pyr][C4F9SO3]  
1-Methyl-3-octylimidazolium 
perfluorobutanesulfonate 
[C8C1Im][C4F9SO3]  
1-Hexyl-3-methylimidazolium 
perfluorobutanesulfonate 
[C6C1Im][C4F9SO3]a 
N N
+
H3C CF2CF2CF2CF3
S
O
OO-
CH3
 
Tetrabutylammonium 
perfluorobutanesulfonate 
[N4444][C4F9SO3]a  
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2.3 Experimental Procedure 
 
2.3.1 Thermodynamic Characterization  
 Each fluorinated ionic liquid was taken from the respective Schlenk flask with a syringe under 
nitrogen flow, to avoid contaminations or humidity, and immediately placed in the measuring devices. 
2.3.1.1. Differential scanning calorimetry  
 A Differential Scanning Calorimeter (DSC) from TA Instruments, model Q200 (see Figure 2.1), 
was used to measure the phase transitions of the FILs. The cooling was accomplished by a refrigerator 
system capable to reach a minimum temperature of 183.15 K. The sample was continuously purged 
using 50 ml·min-1 of dry dinitrogen gas. About 5 to 10 mg of each FIL was sealed in an aluminium 
standard sample pan. Indium, with a melting point at 429.76 K, was used as standard for the DSC 
calibration. Samples were all cooled down to 183.15 K and tempered during 30 min. Afterwards, they 
were heated until different temperatures leaving a range of 20 K between the last transition and the end 
of the cycle. The cooling–heating cycles were repeated three times at different scan rates (10 K·min-1, 5 
K·min-1 and 1 K·min-1 for [C4C1pyr][N(C4F9SO2)2], [C4C1pyr][C4F9SO3] and [C8C1Im][C4F9SO3] and 5 
K·min-1, 2.5 K·min-1 and 1 K·min-1 for [C2C1py][C4F9SO3]). This scan rate selection guarantees the best 
delineation and characterization of the several solid-fluid phase transitions of each ionic liquid. The 
standard uncertainty of the apparatus was estimated ± 2 K. All DSC runs with the different scan rates 
are plotted in Figures A.1 to A.4 of the Appendix. The DSC runs of [C6C1Im][C4F9SO3] (10) and 
[N4444][C4F9SO3] (10) were used for comparison and are also shown in Figures A.5 and A.6 of the 
Appendix. Universal Analysis 2000 v. 4.5A software (TA instruments) was used to integrate the 
calorimetric peaks and determine the solid-solid transition (Ts-s) and melting temperatures (Tm). 
   
New Artificial Blood Substitutes using Fluorinated Ionic Liquids 
Nanoscale Structuring of the Fluorinated Ionic Liquids 
 
 
21 
 
 
2.3.1.2 Thermogravimetric analysis 
 A TGA Q50 Thermogravimetric Analysis (TA instruments) equipment (see Figure 2.2) was 
used to measure the weight loss as a function of temperature. These experiments provide useful 
information concerning the decomposition of the pure FILs, which is crucial to their applications range. 
The samples were continuously purged using 50 ml·min-1 of dry dinitrogen gas. About 10 to 25 mg of 
fluorinated ionic liquid was crimped in an aluminium standard sample pan. Samples were heated up to 
873.15 K at a scan rate of 1 K·min-1 until complete thermal degradation. The relative uncertainty of the 
temperature was ± 4 K. The TGA runs are illustrated in Figure A.7 of the Appendix for all FILs herein 
studied. 
 Regarding TGA analysis, the Universal Analysis 2000 v. 4.5A software (TA instruments) was 
also used to determine the onset (Tonset), start (Tstart) and decomposition (Tdec) temperatures 
(corresponding to the temperatures where the baseline slope changed during heating, the weight loss 
was less than 1% and the weight loss was 50%, respectively). 
 
 
 
  
Figure 2.1. Differential Scanning Calorimeter 
(DSC) of TA Instrument, model Q200. Figure 2.2. TGA Q50 Thermogravimetric Analysis (TA instruments). 
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2.3.2 Molecular Dynamics (MD) Simulations 
 The selected FILs for this study were modelled with a previously reported CL&P atomistic force 
field (20–22) that is an extension of AMBER/OPLS force fields.(23) This approach was applicable to 
enclose all ionic liquids in a systematic way. Afterwards, the Molecular Dynamics (MD) simulations 
were carried out by using the DL_POLY 2.20 package.(24) 
 The [C2C1py][C4F9SO3], [C4C1pyr][C4F9SO3] and [C4C1pyr][N(C4F9SO2)2] FILs were modelled 
in simulation boxes with 800 ion pairs for each pure compound, with a time step of 2 fs and a cutoff 
distance of 1.6 nm (with the Ewald summation approach applied to electrostatic interactions beyond that 
distance). The simulation runs were started from low-density configurations and therefore equilibrated 
under isothermal-isobaric ensemble conditions (N-p-T) at T = 343 K and p = 0.1 MPa, with Nosé-Hoover 
thermostats and barostats with relaxation time constants of 0.5 and 2.0 ps, respectively. In order to reach 
the equilibrium, constant and consistent density values were obtained through consecutive runs at the 
studied temperature. In the case of [C6C1Im][C4F9SO3], [C8C1Im][C4F9SO3] and [N4444][C4F9SO3], the 
MD simulations were already available from a previous work.(10,17) The MD results were used to 
characterize the FILs structure, aggregates formation and dihedral analysis. 
2.3.2.1 Structural Analysis 
 The total static structure factors, S(q), were calculated using a previously described 
methodology,(25) and briefly obtained from: 
 
where Sij(q) is the partial static structure factor between atoms of type i and j (e.g. carbon, hydrogen or 
nitrogen) calculated from the corresponding Fourier transform of the partial radial distribution function 
gij(r); q is the scattering vector; ρo is the average atom number density; R is the cutoff used in the 
calculation of gij(r), i.e. half the side of the simulation box (in this case r = 3.5 nm); xi and xj are the 
atomic fractions of i and j; and bi(q) and bj(q) are the coherent bound neutron scattering lengths of the 
corresponding atom type, interpolated from recommended values in the International Tables for 
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Crystallography.(26) The term sin(πR)/(πr/R) of the equation 2 is a Lorch-type window function used 
to reduce the effect of using a finite cutoff in the radial distribution function calculation.(27)  
2.3.2.2 Aggregation Analysis 
 The aggregation analysis was accomplished for [C4C1pyr][C4F9SO3] and 
[C4C1pyr][N(C4F9SO2)2] FILs with the aim to point out the assessment of the association between the 
alkyl side chains of the apolar domains (hydrogenated and fluorinated domains). The connectivity 
analysis of the alkyl chains (apolar aggregates) is based on previously described algorithms (28,29) that 
generate neighbour lists of the given type interaction centres, in a three-stage sequential processes. 
 Firstly, the definition of the interactions was done considering all the carbon atoms of the alkyl 
(cations) and/or perfluoroalkyl (anions) side chains (except the ones that are directly connected to the 
charged moieties of the ions). The apolar aggregates obtained in this study are the ones under 
investigation. Secondly, an interatomic distance for each interaction defined above was established 
considering the gij(r) data.(29) The distance between the carbons atoms of the cation hydrogenated alkyl 
side chains was defined as 0.5 nm; the distance between the carbon atoms of the anion perfluoroalkyl 
side chains was set to 0.6 nm. Thirdly, the use of the threshold criteria allowed the computation of 
closest-neighbour lists for each interaction centre for all recorded configurations in the production runs, 
thus ascertaining the connectivity within the apolar domains. In the case of the apolar domains, two 
chains were considered to belong to the same aggregate if the distance between any two carbon atoms 
of the two chains was lower than the threshold value. Finally, the probability distribution function, P(na), 
of finding an alkyl side chain in an aggregate of a given size (with na alkyl side chains) was computed 
from the generated connectivity lists.(28)  
2.3.2.3 Dihedral Analysis 
 The MD simulations were also used to obtain specific data that were analysed with the purpose 
of carefully describe the conformational and intermolecular behaviour of the [N(C4F9SO2)2]¯ anion. In 
order to achieve this goal, conformer distribution profiles (CDP, population histograms as a function of 
the C1-S1-S2-C2 dihedral angle of [N(C4F9SO2)2]¯) were obtained at 343 K for the pure 
[C4C1pyr][N(C4F9SO2)2]. The geometry for the isolated single [N(C4F9SO2)2]¯ anion was fully optimized 
at the density functional theory level according to Becke’s three-parameter hybrid method with LYP 
correlation (B3LYP) (30) in vacuum using the 6-31G(d) basis set. DFT calculations were carried out 
using the Gaussian 03 program package.(31)   
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2.4 Results and Discussion 
 The results obtained through the combined experimental and theoretical approaches were 
discussed in order to understand the thermal and dynamic properties at molecular and structural level of 
these compounds. The results were analysed in order to infer the nature of the outstanding crystallization 
processes that describe the selected FILs as highly nanostructured compounds. In this work, the 
influence of the hydrogenated alkyl side chain length and the effect of different cations and anions types 
were analysed. Firstly, the influence of the hydrogenated side chain length was examined by comparing 
two FILs based in imidazolium cations conjugated with perfluorobutanesulfonate anion. Secondly, the 
effect of the cation was studied through a comparison between four FILs based on 
perfluorobutanesulfonate anion with ammonium, pyridinium, pyrrolidinium and imidazolium cations. 
Finally, the influence of the anion type was investigated in FILs based on pyrrolidinium cation 
conjugated with perfluorobutanesulfonate and bis(nonafluorobutylsulfonyl)imide anions.  
 Regarding the thermal properties, the melting (Tm), glass transition (Tg) and solid-solid transition 
(Ts-s) temperatures for the six studied FILs are summarized in Table 2.2, with their corresponding 
enthalpies. Their onset (Tonset), start (Tstart) and decomposition (Tdec) temperatures are shown in Table 
2.3.  
 The project where this thesis was integrated, has a collaboration with the University of Vigo 
where the rheological behaviour of these pure FILs was determined. These experimental data support 
the calorimetric study of the pure FILs carried out in this work. In the rheological study (see Figure A.8 
of Appendix), the viscoelastic properties were determined because they are directly correlated with the 
internal molecular structure, reflecting the phase and structural changes. The previous studies are in 
agreement with the phase transitions determined by DSC analysis, as shown in the Figure A.8 of 
Appendix. However, for some isolated cases, the solid-solid transitions were not all identified in the 
rheological analysis due to the specifications of the rheometer used. Furthermore, the sensitivity of the 
both techniques is different, underlying the complementary of the two experimental approaches. 
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a from reference (10)  
b from reference (32)  
c from reference (16)  
 
 
Table 2.3. Thermal properties of selected fluorinated ionic liquids acquired by TGA: start 
temperature, Tstart, onset temperature, Tonset and decomposition temperature, Tdec. 
 Tstart a / K Tonset a / K Tdec a / K 
[C2C1py][C4F9SO3]b 574 629 652 
[C4C1pyr][N(C4F9SO2)2]b 587 639 656 
[C4C1pyr][C4F9SO3] 589 632 651 
[C8C1Im][C4F9SO3]c 582 623 656 
[C6C1Im][C4F9SO3]c 566 627 666 
[N4444][C4F9SO3]c 545 587 619 
a Note that these values are from scanning TGA at 1 K∙min-1, and do not represent isothermal stabilities. 
b from reference (32)  
c from reference (16)   
Table 2.2 Solid-solid transitions, Ts-s; melting temperature, Tm; enthalpy, ΔH and glass transitions, 
Tg of selected fluorinated ionic liquids. 
 Scan rate / K·m-1 Ts-s / K Tm / K ΔH / J·g-1 Tg / K 
[C2C1py][C4F9SO3] 5 249 - 
- 
278b 
2.17 
33.4 
- 
- 
[C4C1pyr][N(C4F9SO2)2] 5 
256 
275 
285 
- 
- 
- 
- 
375 
4.01 
3.62 
2.15 
7.30 
- 
- 
- 
- 
[C4C1pyr][C4F9SO3] 1 
274 
323 
- 
- 
- 
364 
18.9 
5.19 
19.9 
- 
- 
- 
[C8C1Im][C4F9SO3] 1 279 - 
- 
308c 
9.51 
38.9 
- 
- 
[C6C1Im][C4F9SO3]a 1 
265 
290 
294 
- 
- 
- 
- 
297 
0.789 
18.7 
17.8 
8.48 
- 
- 
- 
- 
[N4444][C4F9SO3]a 5 - 327 25.2 235 
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 The onset temperatures versus melting temperatures are plotted in Figure 2.3. To explore the 
application of the FILs as gas carriers, the most relevant temperature is 310.15 K, the human body 
average temperature. In the Figure 2.3, [C2C1py][C4F9SO3] shows the highest thermal stability for FILs 
with a melting temperature below 310.15 K. This FIL is the most promising to be used in the biomedical 
application studied in this work. Figure 2.3 also includes FILs with higher melting points that are solid 
and insoluble / immiscible in biological fluids at the target temperature, 310.15 K. This fact makes them 
non-viable candidates for artificial oxygen carriers. However, it is important to note that the most 
important goal of this study is to characterize and understand the crystallization processes of several 
FILs in order to design and develop the most promising compounds for biomedical applications. With 
this goal in mind, the FILs with the richest phase scenario were selected. Then, this work may provide 
an overall study not only of the thermal properties as a tool to determine the liquid range of the fluids, 
but also yield information about the exceptional crystalline structures that characterize the FILs as highly 
nanostructured species. 
 
Figure 2.3. Onset temperature versus melting temperature of the studied FILs and comparison with previous 
experimental data (a from reference (32) and bfrom reference (16)), where full symbols represent FILs with 
perfluorobutanesulfonate anion and empty symbols represent FILs based on bis(nonafluorobutylsulfonyl)imide 
anion. 
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2.4.1 Influence of the hydrogenated side chain in the nanostructure of Fluorinated Ionic 
Liquids 
 As a first approach, the [C6C1Im]+ and [C8C1Im]+ cations conjugated with 
perfluorobutanesulfonate [C4F9SO3]¯ anion were compared to infer the influence of the hydrogenated 
alkyl side chain in the thermodynamic characterization of FILs. In Table 2.2 are depicted the melting 
temperatures where a slight increase in the case of [C8C1Im]+ is revealed. However, the opposite 
behaviour was noticed for onset temperatures which are illustrated in Table 2.3. This result suggests a 
slight increase in the melting point and a decrease in the decomposition temperature when the 
hydrogenated alkyl chain is longer.  
 It has been described (33) that the ionic liquids with imidazolium cations conjugated with 
traditional fluoro-containing anions, like bis(trifluoromethylsulfonyl)imide anion, usually exhibit lower 
melting temperatures when the hydrocarbon side chain length increases. This does not agree with the 
present results. However, the same cations combined with chloride anion were reported, and the same 
tendency was showed.(34) In another study, imidazolium cations combined with 
perfluorobutanesulfonate anion showed an increment in melting temperatures when the hydrogenated 
alkyl chain length is longer,(35) supporting our results. Regarding the decomposition temperatures of 
these FILs, a decrease in the thermal stability was visible when the alkyl side chain length is longer. 
This behaviour was also reported with imidazolium ILs based on chloride, hexafluorophosphate, 
tetrafluoroborate and bis(trifluoromethylsulfonyl)imide anions,(36) supporting the onset temperatures 
obtained in this work. 
 Also, the number of solid-solid transitions were taken into consideration, since each phase 
transition in the heating ramp may correspond to a possible conformation of the ionic liquid structure. 
Figure 2.4 illustrates the comparison between [C6C1Im]+ and [C8C1Im]+ cations, where the phase 
transitions were determined in a heating cycle of 1 K min-1. In the case of the [C6C1Im]+ cation 
represented in Figure 2.4.a and in Table 2.2, three successive peaks corresponding to solid-solid 
transitions at 265, 290 and 294 K were observed, while the last peak is the melting temperature at 297 
K. The [C8C1Im]+ cation (see Figure 2.4.b and Table 2.2) only showed a single solid-solid transition at 
279 K and the melting point at 308 K. These results suggest: (i) the decreasing number of solid-solid 
transitions when the hydrogenated side chain is longer; and (ii) the melting temperature has the opposite 
behaviour, increasing when the hydrocarbon side chain length increases. 
 
New Artificial Blood Substitutes using Fluorinated Ionic Liquids 
Nanoscale Structuring of the Fluorinated Ionic Liquids 
 
 
28 
 
 
 
Figure 2.4. Comparison of DSC runs for imidazolium FILs with different hydrogenated side chains: (a) 
[C6C1Im][C4F9SO3] and (b) [C8C1Im][C4F9SO3] at a scan rate of 1 K·min-1. 
 
 It was already established (17) that when the hydrogenated alkyl side chain is longer than six 
carbon atoms some degree of nanosegregation between fluorinated and hydrogenated domains is found. 
In Figure 2.5 the global structure factors functions, S(q), are plotted calculated with the appropriate 
Fourier transforms of the pair correlation functions obtained from the MD trajectories from 
[C6C1Im][C4F9SO3] and [C8C1Im][C4F9SO3] FILs. The q-value range used for all FILs studied in this 
thesis is 2.0 < q / nm-1 < 18.0 since the low-q range of S(q) corresponds to the structural features at 
intermolecular level of the systems. In this range, the S(q) functions of ionic liquids usually show three 
successive peaks at low, intermediate and high q-values. The low q-value peak is the so-called pre-peak 
or polar-apolar peak (PNPP) that usually occurs due to the nanosegregation between the polar and apolar 
moieties formed by the alkyl chain segments of the ionic liquid constituents. The intermediate peak is 
the charge-ordering peak (COP), which is exclusive to ionic liquids or molten salts and is related to the 
neighbouring conditions each ion is experiencing when surrounded by its ion counterparts, in order to 
establish a local electroneutrality. The higher q-value peak is named as contact peak (CP) concerning 
the distances between the atoms from different ions and defines the limits between intra- and 
intermolecular structural features being characteristic of ionic liquids and molecular fluids.(17) 
However, the CP results from multiple contributions from different distances correlations, making 
difficult to define specific structural features from the q-value shifts and will be not discussed in this 
thesis. 
 In the S(q) function represented in the Figure 2.5, the [C6C1Im][C4F9SO3] (blue line) shows 
three well-defined peaks at q-values of 3.90, 9.55, 13.37 nm-1 while in the case of [C8C1Im][C4F9SO3] 
(orange line) three peaks occurs at q-values of 3.90, 9.40, 13.60 nm-1. In both cases, the presence of a 
well-defined PNPP, suggests an effective segregation between the polar/apolar moieties. The COP q-
255 265 275 285 295 305
-0.18
-0.14
-0.10
-0.06
-0.02
0.02
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values define the space occupied by the polar network, which will be influenced by the apolar moieties. 
In this case, the q-value of COP in [C8C1Im][C4F9SO3] decreases, meaning that the polar network is 
larger to accommodate the apolar domains from the hydrogenated side chain that is longer than 
[C6C1Im][C4F9SO3]. 
 
Figure 2.5. Structure factor functions, S(q), of [C6C1Im][C4F9SO3] (blue line) and [C8C1Im][C4F9SO3] (orange 
line), corresponding to FILs with different hydrogenated side chain lengths. The low-q spectra at the range of 2.0 
< q / nm-1 < 18.0 is depicted.  
 
 In order to extend the knowledge about the nanosegregation of these two ionic liquids, in Figure 
2.6 are plotted the snapshots from the simulation boxes for [C6C1Im][C4F9SO3] and [C8C1Im][C4F9SO3], 
respectively. In the snapshot of [C6C1Im][C4F9SO3] (Figure 2.6.a) is clearly illustrated the 
nanosegregation between the three regions since three distinct domains are formed: one from the polar 
network represented by the blue (positive charges) and red (negative charges) segments and two from 
apolar moieties represented by the space filled areas (grey for hydrocarbon chains and green for 
fluorocarbon chain). Since the fluorinated counterparts of the anion are long enough, they can intrude 
into the hydrogenated clusters and arrange into three domains. They may act as self-counterparts 
assuming different spatial positions and increasing the possibility of rearrangement in different 
conformations when the ionic liquid crystalizes. This fact happens due to the similar size between the 
several domains, supporting the increased number of solid-solid transitions that occur in the thermal 
analysis of [C6C1Im][C4F9SO3] (see Figure 2.4.a and Table 2.2). This ionic liquid presents one of the 
richest phase transitions scenario.  
 Regarding [C8C1Im][C4F9SO3] FIL (Figure 2.6.b) the same nanosegregation is occurring. 
However, the perfluorobutyl chains are not bulky enough to overcome the continuous cluster that is 
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formed by the increased hydrogenated side chain. This fact happens because [C8C1Im][C4F9SO3] 
presents  a large and continuous hydrogenated domain when  is compared with the fluorinated domain. 
This hydrogenated domain starts to percolate the simulation box, diminishing the space for the three 
domains co-exist as uniform systems. This structural behaviour may explain the increment of the 
temperature necessary to enable the disruption of the continuous domain built by the hydrogenated 
counterparts. On the other hand, this disproportion between the two apolar domains behaviour may 
affect the balance enclosed by the three types of domains (polar, hydrogenated apolar and fluorinated 
apolar), as is depicted in the case of [C6C1Im][C4F9SO3] FIL. It can diminish the possibility of the 
[C8C1Im][C4F9SO3] adopting different conformations in a crystal, decreasing the number of solid-solid 
transitions (see Figure 2.4.b and Table 2.2). 
 
 
      
 
Figure 2.6. MD simulation snapshots for the FILs with different hydrogenated side chain length: (a) 
[C6C1Im][C4F9SO3], (b) [C8C1Im][C4F9SO3]. Red (negative charges) and blue (positive charges) segments 
represent the interactions from the polar network of the two ions, gray space-filled areas represent the domains 
caused by the hydrogenated side chains while the groups of green spheres illustrate the perfluoroalkyl apolar 
domains. They are also represented in the structures of each ionic liquid with the corresponded colour. 
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2.4.2 Influence of the cation type in the nanostructure of Fluorinated Ionic Liquids 
 The study of the influence of the cation type in the thermal and structural behaviour of FILs was 
performed using four ionic liquids based on imidazolium, [C6C1Im]+; ammonium, [N4444]+; pyridinium, 
[C2C1py]+ and pyrrolidinium, [C4C1pyr]+ cations, conjugated with the perfluorobutanesulfonate anion, 
[C4F9SO3]¯.  
 In respect to the decomposition temperatures that are depicted in Table 2.3, the observed 
tendency has the following order: [N4444]+ < [C6C1Im]+ < [C2C1py]+  < [C4C1pyr]+. The literature shows 
(36) that pyrrolidinium ILs are more resistant to temperature, followed by imidazolium, pyridinium and 
non-cyclic tetraalkyl ammonium cations, supporting the trend observed in this work.  
 Figure 2.7 represents the comparison of the DSC results for each ionic liquid with different 
cations. The [C6C1Im]+ (Figure 2.7.a) was already described in the previous discussion, and it is also 
represented here for comparison. The [N4444]+ cation, illustrated in Figure 2.7.b, shows a glass transition 
at 235 K followed by the melting point at 327 K. Only one solid-solid transition at 249 K was reported 
for [C2C1py]+ (see Figure 2.7.c), and the melting point occurs at 278 K. Finally, in the [C4C1pyr]+ two 
solid-solid transitions at 274 and 323 K and the melting temperature at 364 K were observed as plotted 
in Figure 2.7.d. Summarizing the results, the increment of the melting (i) and number of solid-solid 
transitions (ii) were:  
(i) [C2C1py]+  < [C6C1Im]+ < [N4444]+ < [C4C1pyr]+;  
(ii) [N4444]+  < [C2C1py]+  < [C4C1pyr]+ < [C6C1Im]+.  
Each fluorinated ionic liquid behaviour will be discussed below by comparing the experimental data 
previously described and the theoretical results obtained from the MD simulations to clarify their 
structural behaviour.  
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Figure 2.7. Comparison of DSC runs for FILs with different cations: (a) [C6C1Im][C4F9SO3] and (d) 
[C4C1pyr][C4F9SO3] at a scan rate of 1 K·min-1; (b) [N4444][C4F9SO3] and [C2C1py][C4F9SO3] at a scan rate of 5 
K·min-1. 
 The [C6C1Im][C4F9SO3] FIL showed four phase transitions being the one with the richest phase 
behaviour when compared to the other three types of cations (see Table 2 and Figure 2.7.a). Its S(q) 
function displays three well-defined peaks at q-values of 3.90, 9.55, 13.37 nm-1(Figure 2.8, blue line). 
The effective segregation between the three domains might be the principal reason for the rich transition 
scenario of this FIL due to the weak interaction between the fluorinated and hydrogenated domains. The 
hydrogenated hexyl chain of the cation is long enough to segregate and form intermediate-sized features 
of hydrogenated and fluorinated domains (Figure 2.9) that result in proportional clusters enabling the 
structuration in different conformers.  
 The structure of [N4444][C4F9SO3] (see Table 1) shows four butyl hydrogenated alkyl chains 
symmetric and closer to each other. The symmetry and proximity of the hydrocarbon chains may 
diminish the possibility of conformational changes, demonstrated by the absence of solid-solid 
transitions (Figure 2.7.b) In the S(q) function of [N4444][C4F9SO3] depicted in Figure 2.8 (yellow line), 
a shoulder around 4 and 5 nm-1 is visible which is attached to the intermediate peak at a q-value of 7 nm-
1 (the high q-value peak occurs at 14 nm-1). In this case, the shoulder that appears at low q-value, 
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corresponds to the PNPP and is overlapped with the COP. As it was previously reported,(10) the polar 
network is encased by the hydrogenated counterparts due to their proximity, blocking the possibility of 
the network aggregation to occur. This is supported by the low q-value of the COP, meaning larger 
distances in the environment between the equally charged ions. However, due to the proximity of the 
PNPP and the COP (that show up as a peak and shoulder), it is harder to establish an unequivocal 
deconvolution of the S(q) function in this area. This means that the q-values for PNPP (4-5 nm-1) and 
COP (7 nm-1) can be affected by some degree of uncertainty. The presence of the fluorinated domain 
induces some level of nanosegregation between the hydrogenated clusters which contributes to the 
appearance of the shoulder at low q-values.(10) Thus, the continuous hydrogenated domain, formed by 
the four butyl chains (see Figure 2.9.b), hampers the number of crystallization options. This fact may 
be the possible explanation for the inexistence of solid-solid transitions in this FIL (see Table 2.2 and 
Figure 2.7.b), since the ionic liquid is not able to rearrange in more than one conformation. 
 
Figure 2.8. Structure factor functions, S(q), of [C6C1Im][C4F9SO3] (blue line), [N4444][C4F9SO3] (yellow line), 
[C2C1py][C4F9SO3] (red line) and [C4C1pyr][C4F9SO3] (green line), corresponding to FILs with different cations. 
The low-q spectra at the range of 2.0 < q / nm-1 < 18.0 is depicted. 
 [C2C1py][C4F9SO3] shows two well defined peaks at 3.7 and 9.4 nm-1. A flattened shoulder also 
appears at q distances between 11.5 and 13.5 nm-1 (Figure 2.8, red line). Since the ethyl group of the 
cation is too small to produce an effective segregation from the polar region,(17) the occurrence of the 
prominent PNPP must only result from the effective nanosegregation of the perfluoroalkyl chain from 
the polar moieties. The different sizes of the domains and the inexistent formation of a hydrogenated 
domain confers asymmetry to the ionic liquid assembling (see Figure 2.9.c). It may explain the lower 
occurrence of different conformations and the decreased melting point, as is depicted in Table 2.2 and 
Figure 2.7.c.  
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Figure 2.9. MD simulation snapshots for the FILs with different cation type: (a) [C6C1Im][C4F9SO3], (b) 
[N4444][C4F9SO3], (c) [C2C1py][C4F9SO3] and (d) [C4C1pyr][C4F9SO3]. Red (negative charges) and blue (positive 
charges) segments represent the interactions from the polar network of the two ions, gray space-filled areas 
represent the domains caused by the hydrogenated side chains while the groups of green spheres illustrate the 
perfluoroalkyl apolar domains. They are also represented in the structures of each ionic liquid with the 
corresponded colour.
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The FIL based on pyrrolidinium cation, [C4C1pyr][C4F9SO3], exhibits three well-defined peaks 
at q-values of 3.7, 8.7 and 12.6 nm-1. Herein, the same aforementioned situation is visible because the 
butyl chain of the cation is not long enough to yield an effective segregation from the polar cluster.(17) 
Therefore, the outstanding PNPP that occurs at the low q-value is the result of the segregated 
perfluoroalkyl chain of the anion. In Figure 2.9.d, the snapshot of this ionic liquid clearly endorses the 
segregation of the fluorinated counterparts and the interlocking between the hydrogenated chains and 
the polar moieties. The effective segregation of the fluorinated chains might contribute to the two solid-
solid transitions that are observed in the thermal analysis of this compound (see Table 2.2 and Figure 
2.7.d).  
2.4.3 Influence of the anion type in the nanostructure of Fluorinated Ionic Liquids 
  The anion effect on the thermal and structural behaviour of FILs was studied using the 
pyrrolidinium cation, [C4C1pyr]+, combined with perfluorobutanesulfonate, [C4F9SO3]¯, or the 
bis(nonafluorobutylsulfoyl)imide, [N(C4F9SO2)2]¯, anions. A slight increase in melting (Table 2.2) and 
decomposition (Table 2.3) temperatures were observed in the case of the [N(C4F9SO2)2]¯ anion. 
Similarly, the same cation combined with other fluoro-containing anions, shows an increment of the 
melting temperature in the following order: bis(fluorosulfonyl)imide, bis(trifluoromethanesulfoyl)imide 
and bis(pentafluoroethanesulfoyl)imide,(37) suggesting an influence of fluorocarbon chain length, and 
supporting the results. Besides, the thermal stability of the traditional fluoro-containing anions (triflate 
and bis(trifluoromethylsulfonyl)imide), using the same or analogous cations, is higher due to a decrease 
of nucleophilicity due to fluor presence.(36) Moreover, the bis(trifluoromethylsulfonyl)imide anion, 
with a symmetric structure, presents higher thermal stability than the asymmetric [(FSO2)N(SO2C2F5)]¯ 
anion.(36) [N(C4F9SO2)2]¯ also presents higher symmetry than [C4F9SO3]¯ leading to an increased 
decomposition temperature.  
In Figure 2.10.a, the ionic liquid based on [C4F9SO3]¯ anion shows two solid-solid transitions, at 
273.57 and 322.78 K, and the melting occurs at 363.49 K. In the case of the [N(C4F9SO2)2]¯ anion, 
Figure 2.10.b shows three different solid-solid transitions at 256, 275 and 285 K and the melting point 
occurs at 375 K. The structure of this anion shows symmetrical positions between the two butyl 
perfluoroalkyl chains while in [C4F9SO3]¯ only one butyl fluorinated chain is present (see Table 2.1). 
The asymmetric character of ILs usually causes low melting points due to their difficulty to form 
crystalline structures.(15) The incorporation of another, identical butyl fluorinated alkyl chain 
contributes to a higher symmetry. This fact enables the existence of different crystalline conformations, 
slightly increasing the melting temperature and the occurrence of solid-solid transitions. The structure 
of bis(trifluoromethanesulfonyl)imide, [N(CF3SO2)2]¯, has already been studied for the pyrrolidinium 
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cation. The flexible nature of this anion and its ability to change between the different conformers have 
been stated. The pyrrolidinium cation has much more limited conformational behaviour.(38) 
 
Figure 2.10. Comparison of DSC runs for FILs with different anions: (a) [C4C1pyr][C4F9SO3] at a scan rate of 1 
K·min-1 and (b) [C4C1pyr][N(C4F9SO2)2] at a scan rate of 5 K·min-1. 
 
 The global structure factors, S(q), for both ionic liquids are depicted in Figure 2.11 and show 
three distinct peaks at q-values of 3.7, 8.7 and 12.6 nm-1 for [C4C1pyr][C4F9SO3] (green line) and 4.1, 
7.8 and 12.2 nm-1 for [C4C1pyr][N(C4F9SO2)2] (purple line). As mentioned before, the hydrogenated side 
chain of the [C4C1pyr]+ is not bulky enough to yield an efficient segregation among the polar and 
fluorinated clusters.(17) This means that the PNPP presented by these two FILs (Figure 2.11) arises 
from the contribution of the perfluoroalkyl side chains segregation. 
 
Figure 2.11. Structure factor functions, S(q), [C4C1pyr][C4F9SO3] (green line) and [C4C1pyr][N(C4F9SO2)2] 
(purple line), corresponding to FILs with different anions. The low-q spectra at the range of 2.0 < q / nm-1 < 18.0 
is depicted. 
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 In this comparison, the discrete probability distribution functions P(na) of apolar aggregates 
sizes were also obtained and represented in the Figure 2.12. In the case of [C4C1pyr][C4F9SO3] FIL, the 
size of the aggregates from the hydrogenated counterparts are very small compared with the fluorinated 
counterparts. They are not bulky enough to overcome the fluorinated counterparts (see Figure 2.12.a). 
The same is happening in [C4C1pyr][N(C4F9SO2)2] (Figure 2.12.b). Comparing the behaviour of the 
two ionic liquids, two main concerns are noticed: (i) the already small hydrocarbons aggregates actually 
further reduce their size in the presence of the larger [N(C4F9SO2)2]¯ anion, demonstrating the influence 
of the anion fluorinated counterparts in the overall molecular organization; (ii) the apolar aggregates 
from the perfluoroalkyl chains in [N(C4F9SO2)2]¯ are larger, indicating the box percolation, since almost 
all anions contribute to form one single fluorinated domain. The hydrogenated and fluorinated chains of 
[C4C1pyr][N(C4F9SO2)2] exhibit opposite trends in terms of clustering. Considering the aggregates in 
fluorinated chains, there is a continuous fluorinated apolar domain – as attested by the presence of a 
PNPP in the S(q) functions of all systems.  
 
 
             
 
Figure 2.12. Discrete probability distribution functions of apolar aggregate sizes, P(na), as function of aggregate 
size number, na, for (a) [C4C1pyr][C4F9SO3] and (b) [C4C1pyr][N(C4F9SO2)2].The grey functions corresponds to 
the hydrocarbon aggregates and the green functions illustrate the fluorocarbon aggregates. 
 
a) 
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 The snapshots of the two ionic liquids (Figure 2.13) corroborate the nanosegregation of the 
fluorinated alkyl side chains. In Figure 2.13.b, it is clearly visible that the fluorinated side chains start 
to aggregate in larger and continuous clusters for the FIL with the [N(C4F9SO2)2]¯ anion, which was 
also suggested by the cluster sizes P(na). This fact might be one of the reasons for the increment of the 
melting temperature in the bis(nonafluorobutylsulfonyl)imide anion as is illustrated in Figure 2.10.b 
and Table 2.1. Furthermore, the outstanding symmetry characteristic of this anion might be important 
to explain the rich phase behaviour, increasing the number of solid-solid transitions in this FIL. 
 
       
 
Figure 2.13. MD simulation snapshots for the FILs with different anion types: (a) [C4C1pyr][C4F9SO3] and (b) 
[C4C1pyr][N(C4F9SO2)2]. Red (negative charges) and blue (positive charges) segments represent the interactions 
from the polar network of the two ions, gray space-filled areas represent the domains caused by the hydrogenated 
side chains while the groups of green spheres illustrate the perfluoroalkyl apolar domains. They are also 
represented in the structures of each ionic liquid with the corresponded colour. 
 
 To understand this peculiar structural feature of the [N(C4F9SO2)2]¯ anion, a conformational 
analysis was included in this discussion. The structure of this anion, represented in Figure 2.14.a, 
recognizes two symmetrical dihedrals: C1-S1-N-S2 and S1-N-S2-C2, disclosed from the decomposition 
of the pseudo-dihedral C-S-S-C. The dihedrals are attached to a nitrogen atom that introduces an extra 
degree of freedom to the molecule, allowing the rotation of the dihedral angles relative to each other. 
Therefore, the dihedral distribution functions (Figure 2.15) and the potential energy surface (PES) 
(Figure 2.16) will be discussed in order to understand how this structural component might confer to 
the anion a remarkable flexibility. Additionally, the bis(trifluoromethanesulfonyl)imide and the 
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bis(fluorosulfonyl)imide anions, that were previously described,(38,39) are also used for comparison 
purposes. 
 The dihedral distribution functions for: (i) the central pseudo-dihedral angles of the 
bis(nonafluorobutylsulfonyl)imide, [N(C4F9SO2)2]¯ (Figure 2.14.a); (ii) 
bis(trifluoromethanesulfonyl)imide, [N(CF3SO2)2]¯ (Figure 2.14.b) and (iii) bis(fluorosulfonyl)imide, 
[N(FSO2)2]¯ (Figure 2.14.c), anions are shown in Figure 2.15. The atomic nomenclature used to define 
such pseudo-dihedral angles is shown in the Figure 2.14.a to 2.14.c. The population histogram as a 
function of the FSSF dihedral angle shows two peaks, one around 0º corresponding to the cis conformers 
and the other around 120º that corresponding to the trans conformers. In the other two anions, it is clear 
two main conformers around 40º and 180º that correspond to the conformers of group symmetry C1 
(gauche) and C2 (anti), respectively (Figure 2.16). 
 Those results clearly show the possibility of the coexistence of the two main conformers of the 
[N(FSO2)2]¯ anion (cis and trans conformers) in the simulated liquid phase of [C2C1Im][N(FSO2)2] and 
the two main conformers of the [N(C4F9SO2)2]¯ and [N(CF3SO2)2]¯ anions (anti and gauche) in the 
simulated liquid phase of [C4C1pyr][N(C4F9SO2)2] and [C4C1Im][N(CF3SO2)2], respectively. The 
[N(FSO2)2]¯ exhibits only rather different conformers (cis and trans) when compared with 
[N(C4F9SO2)2]¯ and [N(CF3SO2)2]¯ anions (anti and gauche). The comparison between the 
[N(C4F9SO2)2]¯ anion with the [N(CF3SO2)2]¯ anion shows that the main difference is observed around 
70 and 140º where the [N(C4F9SO2)2]¯ distribution shows new possible conformers that are not 
presented in [N(CF3SO2)2]¯ anion. Nevertheless, they still do not occur as much as the gauche and anti 
conformers do. It is also clear an increased probability of the gauche conformer in [N(C4F9SO2)2]¯ anion 
probably related to the fact that the larger C4F9 groups tend to be as far as possible from the charged 
centre of the molecule.  
 
                      
 
Figure 2.14. Atomic nomenclature used for the definition of pseudo-dihedral angles to a) [N(C4F9SO2)2]¯; b) 
[N(CF3SO2)2]¯ and c) [N[FSO2)2]¯ anions. The nomenclature used for [N(CF3SO2)2]¯ anion is the same as the use 
for the [N(C4F9SO2)2]¯ anion.
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Figure 2.15. Pseudo-dihedral occurrence distribution functions for [C4C1Im][N(CF3SO2)2] (CSSC dihedral, dark 
cyan line); [C4C1pyr][N(C4F9SO2)2] (CSSC dihedral, purple line) and [C2C1Im][N(FSO2)2] (FSSF dihedral, grey 
line). All dihedral analyses were obtained from simulation data at 300 K. 
 
 
 
 
Figure 2.16. a) Representation of the CSSC pseudo-dihedral (which is shared by the [N(C4F9SO2)2]¯ and 
[N(CF3SO2)2]¯ anions) showing the atoms and the S-N-S plane of the dihedral; b) The C1 conformer (anti) of the 
dihedral. The arrow shows the rotation of the S1-N-S2-C2 dihedral angle to yield c) C2 conformer (gauche). 
Adapted from reference (38). 
 
 If one needs to calculate the paths of interconversion between the different conformations of the 
[N(C4F9SO2)2]¯ anion, the two C1-S1-N-S2 and S1-N-S2-C2 dihedrals must be used, since that the C1-
S1-S2-C2 is not a proper dihedral. The potential energy surface (PES) of the two symmetrical dihedrals 
is far from simple because of the extra degree of freedom introduced by the possibility of rotation of the 
dihedral angles relative to each other. Figure 2.17 shows the torsion energy profile of the 
[N(C4F9SO2)2]¯ anion. It is important to note the existence of a reasonably high energy barrier (around 
60 kJ/mol) as the CSNS dihedral angles approach 0º. The strong correlation between the two dihedrals 
makes the mapping highly dependent on the value of the second dihedral angle. The C1 and C2 
conformers based on the composite dihedral angle C-S-S-C can be rationalized: (i) when the first C-S-
N-S proper dihedral angles are 90º and the second 270°, one obtains the “anti” C1 conformer (Figure 
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2.16.b); (ii) when those one is at 90° and the other at 130° (or 270 and 230°), one obtains the “gauche” 
C2 conformer (Figure 2.16.c). It must be noted that, due to the presence of the nitrogen atom, each 
conformer has a mirror image elevating to four the number of main conformers of the molecule (two 
gauche, two anti). On the other hand, the 3D surface plot presents the four conformers of the anion, with 
each anti conformer (the round basin) surrounded by the gauche conformer (the elongated pools). 
 From the PES presented in Figure 2.17, it is observed that an energy barrier of ca. 12 kJ/mol 
lies between the two conformer populations, the anti and the gauche. As previously observed for 
bis(trifluoromethanesulfonyl)imide,(38) the conformer interconversion is possible by the rotation of the 
torsion angle in only one direction, corresponding to the path throughout the central island. The 
energetics of interconversion between the two anions present two major differences: (i) the energy 
barrier for the [N(C4F9SO2)2]¯ anion is higher than that for bis(trifluoromethanesulfonyl)imide (8 
kJ/mol); and (ii) for the [N(C4F9SO2)2]¯ anion a wider torsion angle distribution around the gauche 
conformer was found.  
 To sum up, the presence of the two main conformers in the liquid phase are almost in the same 
proportion and the other conformers gives to the [N(C4F9SO2)2]¯ anion higher flexibility. This means 
that, during the crystallization process, the molecules are able to adopt the conformation that best fits 
the crystal structure. These evidences, herein discussed, possibly justify the high number of phase 
transitions shown in the thermal analysis (see Figure 2.10.b and Table 2.1) because the enhanced 
flexibility of this anion permits its rearrangement in different conformations when the FIL crystallizes.  
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Figure 2.17. a) Potential energy profile (PES) (kJ/mol) of [N(C4F9SO2)2]¯ as a function of the two SNSC dihedral 
angles. b) PES of [N(C4F9SO2)2]¯ with one of the dihedral set to 90º. The areas shaded in dark blue represent the 
location of the two main conformers (basins), gauche and anti conformers and the light blue the interconversion 
path between them. 
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2.5 Conclusions 
 In this chapter, a complete thermodynamic characterization of several FILs was carried out. A 
combined study of the thermal properties (melting, solid-solid transitions and decomposition 
temperatures) and structural features (structure factors, aggregation and dihedral analysis) of the 
fluorinated ionic liquids were achieved. The FILs studied in this work show rich phase transition 
scenario and suggest that the formation of a third nanosegregated domain enhances the formation of 
multiple types of crystals, classifying them as highly nanostructured compounds. It was shown that the 
interplay between the three domains is highly influenced by varying the hydrogenated alkyl side chain 
length, cation and anion type. These facts allow the fluorinated ionic liquids to assume different 
conformations, making them flexible, adaptable and thermal stable molecules. Otherwise, the 
relationship between the two apolar domains segregation (fluorinated and hydrogenated) is the most 
variable structural feature that affects the nanostructured nature of these compounds.  
 In conclusion, the FIL with the best thermal and structural properties, to be used in the 
biomedical application herein studied, is the [C2C1py][C4F9SO3]. This FIL presents the highest thermal 
stability with a melting point below the human body temperature average. However, [C2C1py][C4F9SO3] 
is not one of the most nanostructured ionic liquids.  
 The highly nanostructure nature of these compounds, that is improved by the addition of the 
fluorinated counterpart, can be responsible to enhance the accommodation of solutes such as respiratory 
gases or biomolecules. The strong tendency to self-assemble forming continuous and supramolecular 
structures and the versatility to rearrange in several conformational features may permit the built of 
stable micelles, vesicles, tubules and other colloidal systems. This fact makes them great candidates to 
form emulsions and microemulsions to use in biomedical applications such as respiratory gas carriers. 
 As mentioned before, it is essential to perform a global and complete study of all the possible 
structural features to understand the behaviour of this type of compounds. Therefore, this work can be 
considered a screening on the phase and structural behaviour of these novel FILs in order to find out 
and develop the best compounds to apply not only in the biomedical research but also in other fields 
where the FILs are suitable and advantageous.  
 This overall structural characterization turned out to be incredibly advantageous to make 
possible the design of novel compounds. This information increases the biocompatibility properties of 
these compounds due to the knowledge herein obtained about some of the possible combinations of 
anions and cations. For that, is still necessary to study the biological aspects, such as the biocompatibility 
and biodegradation of these FILs, to make the appropriated choices regarding the physicochemical and 
biological criteria for in vivo artificial oxygen carrier.  
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



 7KHPXOWLSRODUWHUPIRUIOXLGVRIOLQHDUV\PPHWULFDOPROHFXOHVVXFKDV&2DQG1LVRILQWHUHVW
IRUWKLVZRUNDQGDFFRXQWVIRUWKHTXDGUXSROHíTXDGUXSROHLQWHUDFWLRQV7KLVWHUPLVREWDLQHGXVLQJDQ
H[WHQVLRQRIWKHWKHRU\RI*XEELQVDQG7ZXRULJLQDOO\GHYHORSHGIRUVSKHULFDOPROHFXOHVWRFKDLQ
IOXLGVIROORZLQJWKHLGHDVRI-RJet al7KLVPHWKRGRORJ\LVEDVHGRQDSHUWXUEDWLYHDSSURDFKRIWKH
+HOPKROW]IUHHHQHUJ\GHQVLW\GXHWRWKHSRODULW\HIIHFWV7KHIUHHHQHUJ\LVH[SDQGHGLQDVHULHVRI
WHUPVZULWWHQZLWKWKH3DGHғDSSUR[LPDWLRQ

ZKHUH ܽଶ௤௤LV WKH VHFRQGRUGHU WHUP LQ WKH SHUWXUEDWLRQ H[SDQVLRQ DQG ܽଷ௤௤LV WKH WKLUGRUGHU WHUP
([SUHVVLRQV IRUܽଶ௤௤ DQGܽଷ௤௤ ZHUH REWDLQHG IRU DQ DUELWUDU\ LQWHUPROHFXODU UHIHUHQFH SRWHQWLDO DQG
LQYROYHVWDWHYDULDEOHVPROHFXODUSDUDPHWHUVDQGWKHLQWHJUDOJIRUWKHUHIHUHQFHIOXLG7KHSUHYLRXV
H[SUHVVLRQVLQFOXGHWKHTXDGUXSROHPRPHQWQi,RIWKHPROHFXOH0RUHRYHUWKHH[WHQVLRQWRFKDLQIOXLGV
DVVXPHV WKDW WKH SRODU PRPHQWV DUH ZHOOORFDOL]HG RQ FHUWDLQ VHJPHQWV RI WKH FKDLQ $V D
FRQVHTXHQFHDIUDFWLRQݔ௣௜LVGHILQHGDVWKHIUDFWLRQRIWKHPROHFXOHDIIHFWHGE\WKHTXDGUXSROH
 7KHFDOFXODWLRQRILQWHUIDFLDOSURSHUWLHVKDVEHHQSHUIRUPHGE\FRXSOLQJWKHVRIW6$)7HTXDWLRQ
ZLWKWKHGHQVLW\JUDGLHQWWKHRU\'*7RULJLQDOO\SURSRVHGE\YDQGHU:DDOVDQGUHGLVFRYHUHGE\
&DKQDQG+LOOLDUG7KHH[SUHVVLRQIRUWKH+HOPKROW]HQHUJ\RIWKHV\VWHPLVJLYHQE\

ZKHUHaULVWKH+HOPKROW]IUHHHQHUJ\GHQVLW\RIWKHKRPRJHQHRXVIOXLGDWWKHORFDOGHQVLW\UDQGUi
LV WKHPRODU GHQVLW\ RI FRPSRQHQW i 7KH SDUDPHWHU cLM IRU WKH FRPSRQHQWV i DQG j LV NQRZQ DV WKH
LQIOXHQFHSDUDPHWHUZKLFKLVDVVXPHGWREHWHPSHUDWXUHLQGHSHQGHQW,WVYDOXHLVQRUPDOO\REWDLQHGE\
ILWWLQJWRLQWHUIDFLDOWHQVLRQH[SHULPHQWDOGDWD
 &RQVLGHULQJ D SODQDU LQWHUIDFH DQG DVVXPLQJ WKDW WKH GHQVLW\ GHSHQGHQFH RI WKH LQIOXHQFH
SDUDPHWHUFDQEHQHJOHFWHGDQH[SUHVVLRQWKDWUHODWHVWKHLQWHUIDFLDOWHQVLRQWRWKHVTXDUHRIWKHGHQVLW\
JUDGLHQWFDQEHGHULYHG

ZKHUHȝiDQGpDUHWKHHTXLOLEULXPFKHPLFDOSRWHQWLDODQGSUHVVXUHUHVSHFWLYHO\DQGzLVWKHGLUHFWLRQ
SHUSHQGLFXODUWRWKHLQWHUIDFH
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6ROXELOLW\RI5HVSLUDWRU\*DVHVLQ)OXRULQDWHG,RQLF/LTXLGV




 7KHYLVFRVLW\LVUHSURGXFHGXVLQJWKH)UHH9ROXPH7KHRU\)97DSSURDFKRI$OODODQGFR
ZRUNHUVFRXSOHGWRVRIW6$)7(R67KLVDSSURDFKH[SUHVVHVWKHYLVFRVLW\࢐P3DVRI
DV\VWHPDVDVXPRIDGLOXWHJDVWHUP࢐ZKHUHWKHLQWHUPROHFXODUHIIHFWVDUHQHJOHFWHGDQGDGHQVH
VWDWHFRUUHFWLRQWHUPǻ࢐UHODWHGWRWKHGHQVLW\DQGWKHPLFURVWUXFWXUHRIWKHIOXLG7KHGLOXWHJDVWHUP
LVREWDLQHGXVLQJDPRGLILFDWLRQRIWKH&KDSPDQ(QVNRJNLQHWLFWKHRU\SURSRVHGE\&KXQJet al

ZKHUHMwLVWKHPROHFXODUZHLJKWJPROvcLVWKHFULWLFDOYROXPH/PRODQGȍLVDUHGXFHGFROOLVLRQ
LQWHJUDOZKRVH H[SUHVVLRQZDV FDOFXODWHG IRU D /- SRWHQWLDO E\1HXIHOG et al )LQDOO\Fc LV DQ
HPSLULFDOIDFWRULQWURGXFHGE\&KXQJet al. WKDWLQFOXGHVWKUHHGLIIHUHQWIDFWRUVDFFRXQWLQJIRUQRQ
VSKHULFLW\ȦSRODULW\ȝrDQGK\GURJHQERQGLQJțUHVSHFWLYHO\
7KHGHQVHVWDWHWHUPǻ࢐LVREWDLQHGWKURXJKDQH[SUHVVLRQWKDWUHODWHVWKHYLVFRVLW\WRWKHPLFURVWUXFWXUH
RIWKHIOXLG,QSDUDOOHOWKLVH[SUHVVLRQLVDOVRUHODWHGWRWKHIUHHVSDFHDPRQJWKHPROHFXOHVGHILQHGDV
DIUHHYROXPHIUDFWLRQWKURXJKDQH[SRQHQWLDOUHODWLRQRULJLQDOO\SURSRVHGE\'RROLWWOH7KHQWKH
ILQDOH[SUHVVLRQLV


 7KHDSSURDFKLQFOXGHVWKUHHSDUDPHWHUVUHODWHGWRWKHVWUXFWXUDODQGHQHUJHWLFSURSHUWLHVRIWKH
IOXLGĮ-PPRONJWKDWGHVFULEHVWKHSURSRUWLRQDOLW\EHWZHHQWKHHQHUJ\EDUULHUDQGWKHGHQVLW\B
WKDWFRUUHVSRQGVWRWKHIUHHYROXPHRYHUODSDQGLvcWKDWLVDOHQJWKSDUDPHWHUUHODWHGWRWKHVWUXFWXUH
RI WKH PROHFXOHV DQG WKH FKDUDFWHULVWLF UHOD[DWLRQ WLPH 7KHVH SDUDPHWHUV DUH ILWWHG WR DYDLODEOH
H[SHULPHQWDOYLVFRVLW\GDWDDQGUHODWHGWRWKHPROHFXODUZHLJKWRIPHPEHUVRIWKHVDPHFKHPLFDOIDPLO\
7KHWKHUPRG\QDPLFYDULDEOHVVXFKDVWKHSUHVVXUHP03DWKHWHPSHUDWXUHT.DQGWKHGHQVLW\U
PRO/DUHREWDLQHGIURPVRIW6$)7
 
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




0ROHFXODU0RGHOV
 ,QRUGHUWRKDYHDQDFFXUDWHSUHGLFWLRQRIWKHWKHUPRG\QDPLFSURSHUWLHVIURPDPROHFXODUEDVHG
(R6WKHVHOHFWLRQRIDUHOLDEOHDQGDSSURSULDWHGPRGHOWKDWFDQUHSUHVHQWWKHSK\VLFDOIHDWXUHVRIWKH
FRPSRXQGVLVLPSHUDWLYH,Q6RIW6$)7(R6LWLVQHFHVVDU\WRSUHVHOHFWDPROHFXODUPRGHOIRUSXUH
FRPSRXQGV 1RQDVVRFLDWLQJ PROHFXOHV DUH GHILQHG RQO\ IRU WKUHH PROHFXODU SDUDPHWHUV WKH FKDLQ
OHQJWKm WKH VHJPHQW GLDPHWHU ı DQG WKH GLVSHUVLYH HQHUJ\ EHWZHHQ WKH VHJPHQWV İk% /LQHDU
V\PPHWULFDOPROHFXOHVLQYROYHWZRDGGLWLRQDOPROHFXODUSDUDPHWHUVWKHTXDGUXSRODUPRPHQWQDQG
WKH IUDFWLRQ RI VHJPHQWV LQ WKH FKDLQ WKDW FRQWDLQV WKH TXDGUXSROH xp ,Q WKH FDVH RI DVVRFLDWLQJ
PROHFXOHVWZRPRUHSDUDPHWHUVDUHLQFOXGHGWRFRQVLGHUWKHDVVRFLDWLQJLQWHUDFWLRQVLQWKHPRGHOWKH
VLWHVLWHDVVRFLDWLRQHQHUJ\ߝୌ୆ ݇஻Τ DQGWKHVLWHVLWHERQGLQJYROXPHRIDVVRFLDWLRQܭୌ୆
1RQ$VVRFLDWLQJ0ROHFXOHV
 ,QWKLVZRUNWKHPROHFXODUPRGHOVRIFDUERQGLR[LGH&2QLWURJHQ1DQGR[\JHQ
2  FRQVLGHUHG DV QRQDVVRFLDWLQJPROHFXOHV ZHUH XVHG 7KHVH PROHFXOHV KDG EHHQ DOUHDG\
PRGHOHGLQWKHOLWHUDWXUHZLWKWKHVRIW6$)7(R6±
 7KH &2 DQG 1 ZHUH PRGHOOHG DV D /- FKDLQV 4XDGUXSRODU LQWHUDFWLRQV ZHUH WDNHQ LQWR
DFFRXQWZLWKWKHPROHFXODUSDUDPHWHUxpIL[HGWRIRU&2DQGIRU1ZKLFKUHSUHVHQWVWKHQXPEHU
RIVHJPHQWVLQWKRVHPROHFXOHVWKDWPD\PRPHQWDULO\FRQWDLQWKHTXDGUXSROH,QWKHFDVHRI2PRGHO
WKHTXDGUXSROHPRPHQWLVQRWFRQVLGHUHG,Q)LJXUHLVUHSUHVHQWHGWKHVFKHPDWLFUHSUHVHQWDWLRQ
RI WKH UHVSLUDWRU\ JDVHV XVLQJ VRIW6$)7 PROHFXODU PRGHOV 7KH YDOXHV RI Q DQG WKH UHVSHFWLYH
PROHFXODUSDUDPHWHUVIRUWKHWKUHHUHVSLUDWRU\JDVHVDUHVXPPDUL]HGLQ7DEOH±
 
1HZ$UWLILFLDO%ORRG6XEVWLWXWHVXVLQJ)OXRULQDWHG,RQLF/LTXLGV
6ROXELOLW\RI5HVSLUDWRU\*DVHVLQ)OXRULQDWHG,RQLF/LTXLGV




7DEOH 0ROHFXODUZHLJKW DQGPROHFXODU SDUDPHWHUV RI FDUERQ GLR[LGH QLWURJHQ
R[\JHQDQGZDWHUXVHGLQWKLVZRUN
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
)LJXUH6RIW6$)7PROHFXODUPRGHOVRIUHVSLUDWRU\JDVHVVWXGLHGLQWKLVZRUN
$VVRFLDWLQJ0ROHFXOHV
 7KH FKRLFHRI DQ DSSURSULDWH DVVRFLDWLRQ VFKHPHZKLFK UHSUHVHQWV WKHPDLQSK\VLFDO VKRUW
UDQJHLQWHUDFWLRQVLVYLWDOIRUDQDFFXUDWHGHVFULSWLRQRILWVWKHUPRG\QDPLFSURSHUWLHVIRUDQDVVRFLDWLQJ
FRPSRXQG,QSUHYLRXVHIIRUWVWRPRGHO,/VZLWKVRIW6$)7(R6±WKHDQLRQVDQGFDWLRQV
DUHFRQVLGHUHGWREHWRJHWKHUDVLRQSDLUV%HVLGHVVSHFLILFDVVRFLDWLQJVLWHVFDQEHXVHGWRUHSUHVHQWWKH
LQWHUDFWLRQVEHWZHHQWKH,/FRXQWHULRQVDQGWKHLULQWHUDFWLRQVZLWKRWKHUDVVRFLDWLQJPROHFXOHV
 ,QDSUHYLRXVVWHSRIWKHRQJRLQJSURMHFWRIZKLFKWKLVWKHVLVLVSDUWDPROHFXODUPRGHORIWKH
>&n&,P@>&)62@ ),/V IDPLO\ZDV GHYHORSHG 7R DFKLHYH WKLVPRGHO WKH GHQVLW\ JUDGLHQW WKHRU\
'*7 ZDV FRXSOHG ZLWK WKH VRIW6$)7 HTXDWLRQ WR FRPSXWH LQWHUIDFLDO SURSHUWLHV 7KHPRGHOOLQJ
UHVXOWVKDYHQRWEHHQSXEOLVKHG\HW&RQVHTXHQWO\DEULHIH[SODQDWLRQRIWKHGHYHORSHGPROHFXODUPRGHO
LVJLYHQWRFRQWH[WXDOL]HWKHUHVXOWVKHUHLQDFKLHYHG
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



 7KH >&n&,P@>&)62@KRPRORJRXV VHULHVKDYHEHHQPRGHOOHG DV DKRPRQXFOHDU FKDLQOLNH
PROHFXOHZLWK WKUHH DVVRFLDWLQJ VLWHVZKLFK UHSUHVHQW WKH VWURQJ LQWHUDFWLRQV EHWZHHQ WKH DQLRQ DQG
FDWLRQ7KLVPRGHOFRQVLGHUVWKDWWKHFDWLRQDQGDQLRQDUHIRUPLQJDXQLTXHFKDLQ7KLVDVVXPSWLRQLV
VXVWDLQHG E\ UHVXOWV REWDLQHG IURP PROHFXODU G\QDPLFV VLPXODWLRQV ZKLFK VKRZ WKH FRQWLQXRXV
IRUPDWLRQRI LRQLF SDLUV RU LRQLF FOXVWHUV RI WKHVH V\VWHPV5HVXOWV SUHYLRXVO\REWDLQHG IURP
FRQWULEXWLRQVXVLQJRWKHU,/IDPLOLHVDOVRVXSSRUWHGLW7KHQXPEHURIWKHDVVRFLDWLQJVLWHVZDV
FKRVHQEDVHGRQWKHFKDUJHGLVWULEXWLRQRIWKHPROHFXOHVLQFHWKHGHORFDOL]DWLRQRIWKHDQLRQHOHFWULF
FKDUJHLVGXHWRWKHSUHVHQFHRIWKHIOXRULQHDWRPVLQWKHDQLRQHQKDQFLQJWKHSRVVLELOLW\RILQWHUDFWLRQ
ZLWKWKHVXUURXQGLQJFDWLRQV7KLVIHDWXUHFDQEHREVHUYHGIURPSUHOLPLQDU\FRPSXWDWLRQDOFKHPLVWU\
FDOFXODWLRQVFDUULHGRXWE\RXUJURXSQRWSXEOLVKHG\HWZKHUHWKHFKDUJHGLVWULEXWLRQLQWKLVPROHFXOH
LVVKRZQVHH)LJXUH


)LJXUH(OHFWURVWDWLFVXUIDFHSRWHQWLDO(63RIWKH>&&,P@>&)62@LRQLFOLTXLG
1HZ$UWLILFLDO%ORRG6XEVWLWXWHVXVLQJ)OXRULQDWHG,RQLF/LTXLGV
6ROXELOLW\RI5HVSLUDWRU\*DVHVLQ)OXRULQDWHG,RQLF/LTXLGV




 ,Q)LJXUHWKHKLJKO\QHJDWLYHFKDUJHGDUHDUHG]RQHLVGHORFDOL]HG%DVHGRQWKLVVWXG\
VHYHUDORSWLRQVLQFOXGLQJPXOWLSOHDVVRFLDWLRQVLWHVDUHSRVVLEOH2QHDVVRFLDWLQJVLWHAW\SHUHSUHVHQWV
WKHPDLQLQWHUDFWLRQVRIWKHIOXRULQHDWRPZLWKWKHFDWLRQZKLOHRQHRUWZRBVLWHVPD\UHSUHVHQWWKH
GHORFDOL]HG FKDUJH GXH WKH VXUURXQGLQJ IOXRULQH DWRPV DQG WKH R[\JHQV RI WKH DQLRQ 2QO\ A-B
LQWHUDFWLRQVEHWZHHQGLIIHUHQW),/PROHFXOHVDUHDOORZHG&RQVLGHULQJWKHFRPSOH[LW\RIWKHPROHFXOH
DQGWKHDPRXQWRIPROHFXODULQWHUDFWLRQVGHVFULEHGWKURXJKPROHFXODUG\QDPLFVFDOFXODWLRQVLWLV
SUHIHUDEOHWRLQFUHDVHWKHGHJUHHVRIIUHHGRPRIWKHPROHFXOHDQGFRQVLGHUDVLWHPRGHO)XUWKHUPRUH
D VLPLODU DSSURDFKZDVXWLOL]HG LQ DSUHYLRXV FRQWULEXWLRQ IRU WKH >&n&,P@>1&)62@ ,/ IDPLO\
REWDLQLQJYHU\VXFFHVVIXOUHVXOWV$VNHWFKRIWKHPRGHOZLWKVRIW6$)7LVSUHVHQWHGLQ)LJXUH

)LJXUH6RIW6$)7PROHFXODUPRGHORI>&Q&,P@>&)62@IOXRULQDWHGLRQLFOLTXLGVIDPLO\

 7KH VHW RI PROHFXODU SDUDPHWHU YDOXHV LV IRXQG E\ ILWWLQJ WR WKH WHPSHUDWXUHGHQVLW\
H[SHULPHQWDOGDWDSURYLGHGE\WKHOLWHUDWXUH,QRUGHUWRUHGXFHWKHSDUDPHWHUVGHJHQHUDF\DQGLQFUHDVH
WKH WUDQVIHUDELOLW\ EHWZHHQ FRPSRXQGV VHYHUDO DVVXPSWLRQV KDYH EHHQ PDGH 7KH PRVW LPSRUWDQW
UHVWULFWLRQDIIHFWVWKHSDUDPHWHUVGHVFULELQJWKHVWUHQJWKDQGYROXPHRIDVVRFLDWLRQZKLFKKDYHEHHQ
IL[HG WR FRQVWDQW YDOXHV $Q H[FHOOHQW DJUHHPHQW EHWZHHQ WKH PHDVXUHPHQWV DQG WKH WKHRU\ ZHUH
DFKLHYHG
 ,QRUGHUWRYHULI\WKHDGHTXDF\RIWKHRSWLPL]DWLRQDSSURDFKXVHGLQWKLVWKHVLVWKHV\VWHPVRI
),/V ZLWK ZDWHU ZHUH DOVR FRQVLGHUHG 7KH PRGHO RI >&n&,P@>&)62@ ZLWK ZDWHU KDV QRW EHHQ
SXEOLVKHG\HWIROORZLQJDVXFFLQFWH[SODQDWLRQ:DWHUZDVDOUHDG\PRGHOOHGLQDSUHYLRXVZRUNDV
D VLQJOH VSKHULFDO /HQQDUG-RQHVPRQRPHU ݉ୌమ୓   ZLWK D VHJPHQW GLDPHWHUı DQG HQHUJ\ RI
LQWHUDFWLRQ EHWZHHQ WKH PRQRPHUV İ DQG ZLWK IRXU DVVRFLDWLRQ VLWHV WZR e VLWHV QHJDWLYH
FRUUHVSRQGLQJWRWKHORQHSDLUVRIHOHFWURQVRIWKHR[\JHQDQGWZRHW\SHVLWHVSRVLWLYHFRUUHVSRQGLQJ
WR WKH K\GURJHQ DWRPV 2QO\ eH ERQGLQJ LV DOORZHG 7KHVH IRXU DVVRFLDWLRQ VLWHV SUHVHUYH WKH
WHWUDKHGUDOJHRPHWU\RIWKHFRPSRXQG7KHPROHFXODUSDUDPHWHUVRIZDWHUDUHGHVFULSWHGLQ7DEOH
 5HJDUGLQJ WKHELQDU\V\VWHP),/ZDWHUFURVVDVVRFLDWLRQ LQWHUDFWLRQVEHWZHHQ WKHZDWHU
DQG),/PROHFXOHVZHUHH[SOLFLWO\FRQVLGHUHG)LJXUHLOOXVWUDWHVWKHVFKHPDWLFUHSUHVHQWDWLRQRIWKH
ZDWHULQWHUDFWLRQZLWKLQWKH),/IDPLO\7KHDVVRFLDWLRQSDUDPHWHUVRIWKHELQDU\V\VWHPDUHFDOFXODWHG
XVLQJWKHIROORZLQJFRPELQLQJUXOHV
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
ZKHUHܭఈఉǡ௜௝LVWKHDVVRFLDWLRQYROXPHDQGߝఈఉǡ௜௝ு஻ UHSUHVHQWVWKHFURVVDVVRFLDWLRQHQHUJ\EHWZHHQWKH
ELQDU\V\VWHP$VUHSUHVHQWHGLQ)LJXUHRQO\WKHA-HDQGB-e ERQGLQJW\SHVEHWZHHQWKHLRQLF
OLTXLGVDQGZDWHUDUHDOORZHG

)LJXUH 6FKHPDWLF UHSUHVHQWDWLRQ RI VRIW6$)7PROHFXODU PRGHO IRU WKHPL[WXUHV RI >&n&,P@>&)62@
IOXRULQDWHGLRQLFOLTXLGVIDPLO\ZLWKZDWHU
5HVXOWVDQG'LVFXVVLRQ
 7KHUHVXOWVGLVFXVVHGLQWKLVFKDSWHUEHORQJWRDQRQJRLQJSURMHFWSHUIRUPHGLQRXUODEZLWKWKH
FROODERUDWLRQRI3URI)qOL[/ORYHOO5DPRQ/OXOO8QLYHUVLW\%DUFHORQD6SDLQDQG3URI/RXUGHV9HJD
WKH3HWUROHXP,QVWLWXWH$EX'KDEL8QLWHG$UDE(PLUDWHV7KHDLPRIWKLVSURMHFWLVWRGHVLJQDQG
FKDUDFWHUL]H WKH EHVW ),/V WR XVH LQ ELRPHGLFDO DSSOLFDWLRQV ,Q WKLV FDVH WKH DFKLHYHG UHVXOWVZHUH
VSHFLILFDOO\IRFXVHGRQWKHDSSOLFDWLRQRI),/VDVDUWLILFLDOR[\JHQFDUULHUV:LWKWKLVJRDOLQPLQGWKH
VWXG\ RI UHVSLUDWRU\ JDVHV VROXELOLW\ LQ WKH IOXRULQDWHG LRQLF OLTXLGV ZDV DFFRPSOLVKHG E\ XVLQJ D
FRPELQHG WKHRUHWLFDOH[SHULPHQWDODSSURDFK)XUWKHUPRUHFDOFXODWLRQVRI WKHUPRG\QDPLFSURSHUWLHV
VXFKDVGHQVLW\YLVFRVLW\DQGVXUIDFHWHQVLRQZHUHDOVRFRQVLGHUHGLQWKLVZRUNLQRUGHUWRJXDUDQWHH
WKH DFFXUDF\ RI WKH PRGHOOLQJ DSSURDFK DOORZLQJ WKH YHULILFDWLRQ RI WKH FDOFXODWHG GDWD ZLWK WKH
H[SHULPHQWDOGDWD
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 7KHPROHFXODUPRGHORI>&n&,P@>&)62@),/VIDPLO\SUHYLRXVO\GHVFULEHGLQVHFWLRQ
RIWKLVFKDSWHUZDVXVHGWRRSWLPL]HDQGSUHGLFWWKHPROHFXODUSDUDPHWHUVRIIRXUGLVWLQFW),/VHWK\O
PHWK\OLPLGD]ROLXP SHUIOXRUREXWDQHVXOIRQDWH >&&,P@>&)62@ HWK\OPHWK\S\ULGLQLXP
SHUIOXRUREXWDQHVXOIRQDWH >&&S\@>&)62@ HWK\OPHWK\OLPLGD]ROLXP SHUIOXRURSHQWDQRDWH
>&&,P@>&)&2@HWK\OPHWK\OS\ULGLQLXPSHUIOXRURSHQWDQRDWH>&&S\@>&)&2@7KHVH),/V
ZHUHFKRVHQEDVHGRQSUHOLPLQDU\ WR[LFRORJ\ UHVXOWVDYDLODEOH LQRXU ODE7KHVHSUHOLPLQDU\ VWXGLHV
SURYHWKHORZWR[LFLW\RIWKHVHIRXUFRPSRXQGVZKLFKLWLVFUXFLDOIRUELRPHGLFDODSSOLFDWLRQV7KHVH
UHVXOWVKDYHQRWEHHQSXEOLVKHG\HW7KHFKHPLFDOVWUXFWXUHDQGUHVSHFWLYHDFURQ\PVIRU),/VVWXGLHGLQ
WKLVZRUNDUHUHSUHVHQWHGLQ7DEOH
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
7DEOH&KHPLFDOVWUXFWXUHDQGUHVSHFWLYHDFURQ\PVRIWKHVWXGLHGIOXRULQDWHGLRQLFOLTXLGV
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
7KHPROHFXODUSDUDPHWHUVRSWLPL]DWLRQRIWKHIRXU),/VZDVDWWDLQHGWKURXJKVHYHUDOVWHSVLQ
RUGHU WRSUHGLFW WKHEHVWPROHFXODUSDUDPHWHUV WRVWXG\ WKHVROXELOLW\RI WKH UHVSLUDWRU\JDVHV LQ WKLV
FRPSRXQGV7KHRSWLPL]DWLRQSURFHGXUHIRUHDFK),/LVEHOORZGHVFULEHG
 )LUVW WKH PROHFXODU SDUDPHWHUV RI >&&,P@>&)62@ ),/ DOUHDG\ GHWHUPLQHG IURP WKH
PRGHOOLQJDSSURDFKSUHYLRXVO\GHVFULEHGZHUHXVHGWRRSWLPL]HDQHZVHWRIPROHFXODUDQGDVVRFLDWLRQ
SDUDPHWHUV WR GHVFULEH WKH >&&S\@>&)62@ ),/ 7KLV DSSURDFK ZDV DFFRPSOLVKHG E\ ILWWLQJ
WHPSHUDWXUHGHQVLW\H[SHULPHQWDOGDWDRIWKHSXUHLRQLFOLTXLG7KURXJKWKLVRSWLPL]DWLRQDSRWHQWLDO
VHWRIPROHFXODUDQGDVVRFLDWLRQSDUDPHWHUVZHUHREWDLQHG
7DEOH  UHSRUWV WKHPROHFXODU SDUDPHWHUV FDOFXODWHG DQG RSWLPL]HG IRU DOO ),/V XVLQJ WKH
IROORZLQJSURFHGXUH7KHVHPROHFXODUSDUDPHWHUVZHUHXVHGWRVWXG\WKHVROXELOLW\RIWKHUHVSLUDWRU\
JDVHVLQWKHIOXRULQDWHGLRQLFOLTXLGV

7DEOH0ROHFXODUZHLJKWRSWLPL]HGPROHFXODUSDUDPHWHUVDQGDEVROXWHDYHUDJHGHYLDWLRQ
$$'IRUWKHGHQVLWLHVRIWKHIOXRULQDWHGLRQLFOLTXLGV
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,QRUGHUWRVXSSRUWDQGYHULI\WKHDFFXUDF\RIWKHSUHGLFWHGSDUDPHWHUVWKHYLVFRVLW\DQGVXUIDFH
WHQVLRQZHUH DOVR FDOFXODWHG IRU WKH SXUH LRQLF OLTXLG DQG FRPSDUHGZLWK H[SHULPHQWDO GDWD
$IWHUZDUGV WRHQVXUH WKDW WKHRSWLPL]HGSDUDPHWHUVZHUH WKHEHVW WRGHVFULEH >&&S\@>&)62@ D
VHQVLELOLW\WHVWZDVDFFRPSOLVKHG7KHPRVWYDULDEOHSDUDPHWHUZKHQDPRGHOLVWUDQVIHUUHGIURPRQH
PROHFXOHWRDQRWKHULVWKHOHQJWKRIWKHPROHFXODUVWUXFWXUHm,QWKLVFDVHWKHGHVFULSWRUmLVWKHRQO\
VWUXFWXUDOGLIIHUHQFHEHWZHHQWKHLPLGD]ROLXPDQGS\ULGLQLXP),/VLVWKHFDWLRQ7RYHULI\ZKHWKHUWKLV
VWUXFWXUDOIHDWXUHFDQLQIOXHQFHWKHPROHFXODUSDUDPHWHUVRSWLPL]DWLRQVLQFUHDVLQJDQGGHFUHDVLQJWKH
mYDOXHZHUHDFFRPSOLVKHGDQGFRPSDUHGZLWKH[SHULPHQWDOGDWD7KLVRSWLPL]DWLRQVKRZVWKDWDORZHU
m \LHOGHG YDOXHVPXFK FORVHU WR WKH H[SHULPHQWDO GDWD)LJXUH  GHSLFWV WKH WHPSHUDWXUHGHQVLW\
GLDJUDPZKLFKVKRZVDJRRGILWEHWZHHQWKHFDOFXODWHGUHVXOWVDQGWKHH[SHULPHQWDOGDWDIRU
ERWK),/VFRQMXJDWHGZLWKSHUIOXRUREXWDQHVXOIRQDWHDQLRQ
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,Q RUGHU WR DFKLHYH DQ DFFXUDWH PRGHO IRU >&&,P@>&)&2@ DQG >&&S\@>&)&2@ DQ
RSWLPL]DWLRQ RI WKH PROHFXODU DQG DVVRFLDWLRQ SDUDPHWHUV ZDV DOVR FDUULHG RXW XVLQJ WKH SUHYLRXV
SDUDPHWHUVIRU>&&,P@>&)62@DQG>&&S\@>&)62@7KHWHPSHUDWXUHGHQVLW\H[SHULPHQWDOGDWD
RIHDFK),/ZHUHILWWHGWRDFKLHYHDQHZVHWRIPROHFXODUSDUDPHWHUVIRUHDFK),/EDVHGRQ
SHUIOXRURSHQWDQRDWHDQLRQ)LJXUH,QWKHVHWZR),/VDPRGHOZLWKDVVRFLDWLRQVLWHVVXFKDVLQ
>&n&,P@>&)62@,/IDPLO\ZDVDOVRFRQVLGHUHG7KHRSWLPL]HGSDUDPHWHUVZHUHDOVRFRPSDUHGZLWK
WKHH[SHULPHQWDOGDWDRIYLVFRVLW\DQGVXUIDFHWHQVLRQ

)LJXUH7HPSHUDWXUHGHQVLW\GLDJUDPVXVLQJVRIW6$)7FDOFXODWLRQVVROLGOLQHVWRJHWKHUWKHFRUUHVSRQGLQJ
H[SHULPHQWDOGDWDV\PEROVWDNHQIURPUHIHUHQFHVWR>&&,P@>&)62@ƇDQG>&&,P@>&)&2@Ÿ
WR>&&S\@>&)62@ƔWR>&&S\@>&)&2@Ŷ

 $VSUHYLRXVO\GLVFORVHGWKHYLVFRVLW\DQGVXUIDFHWHQVLRQZHUHFDOFXODWHGZLWKWKHPROHFXODU
SDUDPHWHUVFDOFXODWHGIRUDOO),/V$IWHUZDUGVWKH\ZHUHFRPSDUHGZLWKWKHH[SHULPHQWDOGDWDDYDLODEOH
LQRUGHUWRFRQILUPWKHDFFXUDF\RIWKHVHPRGHOV
 ,QRUGHUWRFDOFXODWHWKHYLVFRVLW\RIWKH),/VWKHVRIW6$)7(R6LVFRXSOHGWRWKH)UHH9ROXPH
7KHRU\ )97 DSSURDFK7KLVPHWKRGRORJ\GHVFULEHV HDFK V\VWHP WKURXJK WKUHHSDUDPHWHUVĮ WKDW
GHVFULEHVWKHSURSRUWLRQDOLW\EHWZHHQWKHHQHUJ\EDUULHUDQGWKHGHQVLW\BWKDWFRUUHVSRQGVWRWKHIUHH
YROXPHRYHUODSDQGLYZKLFKLVDOHQJWKSDUDPHWHUUHODWHGWRWKHVWUXFWXUHRIWKHPROHFXOHVDQGWKH
FKDUDFWHULVWLF UHOD[DWLRQ WLPH 7KHVH SDUDPHWHUV DUH ILWWHG ZKHQ SRVVLEOH WR WKH H[SHULPHQWDO
YLVFRVLW\GDWDDYDLODEOH7KHYLVFRVLW\SDUDPHWHUVRSWLPL]HGIRUHDFK),/DUHGHVFULEHGLQ7DEOH
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 2QFH WKH SDUDPHWUL]DWLRQ ZDV FRQFOXGHG WKH YLVFRVLW\WHPSHUDWXUH GLDJUDPZDV FDOFXODWHG
FRQVLGHULQJ WKH PROHFXODU SDUDPHWHUV RI WKHVH ),/V 7KH UHVXOWV REWDLQHG VKRZ D VLJQLILFDQW
DSSUR[LPDWLRQWRWKHH[SHULPHQWDOGDWDVXSSRUWLQJWKHPROHFXODUSDUDPHWHUVFKRVHQWRGHVFULEH
WKHVH),/V)LJXUH

)LJXUH7HPSHUDWXUHYLVFRVLW\GLDJUDPVXVLQJVRIW6$)7FDOFXODWLRQVVROLGOLQHVDQGWKHFRPSDULVRQZLWK
H[SHULPHQWDOGDWDV\PEROVWDNHQIURPUHIHUHQFHVWR>&&,P@>&)62@ƇDQG>&&,P@>&)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Ÿ
WR>&&S\@>&)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Ɣ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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Ŷ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
 ,QRUGHUWRYDOLGDWHWKHFDOFXODWHGPROHFXODUSDUDPHWHUVWKHLQWHUIDFLDOSURSHUWLHVRIWKHSXUH
LRQLFOLTXLGVZHUHDOVRVWXGLHG)RUWKDWVXUIDFHWHQVLRQH[SHULPHQWDOGDWDRIWKHSXUHFRPSRXQGVDUH
QHFHVVDU\,QWKLVFDVHWKHH[SHULPHQWDOVXUIDFHWHQVLRQGDWDIRU>&&,P@>&)&2@DUHQRWDYDLODEOH
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
7KHGHQVLW\JUDGLHQW WKHRU\'*7ZDVFRXSOHGZLWK WKHVRIW6$)7HTXDWLRQWRFRPSXWH LQWHUIDFLDO
SURSHUWLHV2QFHWKHVHWRIPROHFXODUSDUDPHWHUVZHUHHVWDEOLVKHGWKHLQIOXHQFHSDUDPHWHUcDGMXVWDEOH
WHPSHUDWXUH LQGHSHQGHQW SDUDPHWHU ZDV ILWWHG WR WKH H[SHULPHQWDO GDWD ZKHQ DYDLODEOH IRU HDFK
FRPSRXQGUHDFKLQJJRRGDJUHHPHQWLQDOOFDVHV$IWHURSWLPL]DWLRQRIWKLVSDUDPHWHULWLVYDOXDEOHWR
XVHLWDVDSUHGLFWLYHWRROLQWKHFDOFXODWLRQVRILQWHUIDFLDOSURSHUWLHVIRURWKHU),/V$VXPPDU\
RIWKHLQIOXHQFHSDUDPHWHUYDOXHVDQGWKHJOREDODYHUDJHGHYLDWLRQVIRUWKHVRIW6$)7'*7UHVXOWVLV
VKRZQLQ7DEOH
7DEOH2SWLPL]HGLQIOXHQFHSDUDPHWHUIRUWKHVWXGLHG),/VDQGPRGHOOLQJUHVXOWVIRUVXUIDFH
WHQVLRQD
),/V c-ÂPPRO $$'
>&&,P@>&)62@  
>&&S\@>&)62@  
>&&S\@>&)&2@  
D5HIHUHQFHVLQFOXGHWKHVRXUFHVRIH[SHULPHQWDOGDWD
 $IWHUZDUGVWKHLQWHUIDFLDOSURSHUWLHVZHUHFDOFXODWHGZLWKWKHRSWLPL]HGcSDUDPHWHUIRUHDFK
FDVH 7KH UHVXOWV REWDLQHG VKRZHG D JRRG DSSUR[LPDWLRQ EHWZHHQ WKH FDOFXODWHG GDWD DQG WKRVH
H[SHULPHQWDORQHVDVLVLOOXVWUDWHGLQ)LJXUH

)LJXUH6XUIDFHWHQVLRQDVIXQFWLRQRIWHPSHUDWXUHIRUWKHVHOHFWHG),/V6ROLGOLQHVUHSUHVHQWWKHFDOFXODWHG
YDOXHVXVLQJVRIW6$)77KHH[SHULPHQWDOGDWDDUHUHSUHVHQWHGE\WKHV\PEROVDQGZHUHWDNHQIURPUHIHUHQFHV
WR>&&,P@>&)62@ƇDQGWR>&&S\@>&)62@ƔDQG>&&S\@>&)&2@Ŷ
T.
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

 7KHSKDVHHTXLOLEULXPRI),/ZDWHUELQDU\ V\VWHPVZHUHDOVRFDOFXODWHG ,Q WKLVFDVH WKH
PRGHOGHVFULSWHGLQVHFWLRQZDVXVHG$VUHSRUWHGWKHYROXPHDQGHQHUJ\RIDVVRFLDWLRQRIWKH
V\VWHPV ),/ZDWHUPXVW EH FDOFXODWHG XVLQJ WKH/RUHQW]%HUWKHORW FRPELQLQJ UXOHV GXH WR FURVV
DVVRFLDWLRQLQWHUDFWLRQVEHWZHHQWKHZDWHUDQGWKHLRQLFOLTXLGV7KHVHFDOFXODWLRQVZHUHSHUIRUPHGDW
 . VLQFH WKLV WHPSHUDWXUH FRUUHVSRQGV WR WKH H[SHULPHQWDO GDWD DYDLODEOH 7KH ELQDU\
SDUDPHWHUȟLPSRUWDQWIRUGHYLDWLRQVRIWKHFURVVGLVSHUVLYHHQHUJ\RIWKHPL[WXUHİ/k%SDUDPHWHULV
ILWWHGWRH[SHULPHQWDOGDWDRIWKHELQDU\PL[WXUHV,QWKLVFDVHWKLVSDUDPHWHUZDVDGMXVWHGWRȟ 
IRU DOO ),/V 7KHQ WKH GHQVLW\ RI WKH ELQDU\ PL[WXUH ZDV FDOFXODWHG IRU WKH ),/V EDVHG RQ
SHUIOXRUREXWDQHVXOIRQDWHEHFDXVHWKHUHDUHRQO\H[SHULPHQWDOGDWDDYDLODEOHIRUWKHVHFRPSRXQGV7KH
UHVXOWVDUHVKRZQLQ)LJXUHDQGJRRGDSSUR[LPDWLRQVWRH[SHULPHQWDOGDWDZHUHDFKLHYHG

)LJXUH'HQVLW\DVIXQFWLRQRIZDWHUFRPSRVLWLRQRIWKHELQDU\V\VWHPVRI),/VZDWHUDW.7KHVROLG
OLQHV UHSUHVHQW WKH VRIW6$)7 FDOFXODWLRQV UHG >&&,P@>&)62@ DQG EOXH >&&S\@>&)62@ ZKLOH WKH
V\PEROVUHSUHVHQWWKHH[SHULPHQWDOGDWDƇ>&&,P@>&)62@DQGƔ>&&S\@>&)62@7KHUHVXOWVDUH
SORWWHGLQGLIIHUHQWJUDSKVWREHWWHUYLVXDOL]DWLRQ

 $VDVHFRQGVWHS WKH OLTXLGOLTXLGHTXLOLEULD IRUDOO),/VZDVFDOFXODWHG7KLVDSSURDFKZDV
XVHGVLQFHWKHVHLRQLFOLTXLGVDUHWRWDOO\PLVFLEOHLQZDWHU7KXVLQWKHGLDJUDPRISUHVVXUHYHUVXVZDWHU
FRPSRVLWLRQ)LJXUHWKHFXUYHRIWKHZDWHUFRPSRVLWLRQPXVWUHDFKRQH7KLVYDOXHPHDQVWKDW
WKH ),/ VROXELOL]H  RI ZDWHU FRPSRVLWLRQ ,Q DOO WKHVH ),/V WKLV HYHQW LV YLVLEOH ZKHQ WKH
FDOFXODWLRQVDUHFDUULHGRXWXVLQJVRIW6$)7DSSURDFK7KHVHUHVXOWVVXSSRUWWKHPROHFXODUSDUDPHWHUV
REWDLQHG
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
)LJXUH  /LTXLGOLTXLG HTXLOLEULXP IRU WKH ELQDU\ V\VWHPV ),/V  ZDWHU DW  . UHG OLQH
>&&,P@>&)62@ EOXH OLQH >&&S\@>&)62@ JUD\ OLQH >&&,P@>&)&2@ JUHHQ OLQH
>&&S\@>&)&2@

6ROXELOLW\RI5HVSLUDWRU\*DVHVLQ)OXRULQDWHG,RQLF/LTXLGV
 7KHPDLQJRDORIWKLVZRUNLVWRVWXG\WKHVROXELOLW\RIWKHUHVSLUDWRU\JDVHVLQWKHVHOHFWHG),/V
$VZDVSUHYLRXVO\GHVFULEHGWKHPROHFXODUSDUDPHWHUVIRUWKH),/VZHUHFDOFXODWHGDQGRSWLPL]HGLQ
RUGHUWRVWXG\WKHELQDU\V\VWHPV),/UHVSLUDWRU\JDVHV
 :LWKWKLVJRDOLQPLQGWKHYDSRXUOLTXLGHTXLOLEULD9/(ZHUHFDOFXODWHGDWIL[HGWHPSHUDWXUHV
7KHFKRVHQWHPSHUDWXUHVZHUH.EHFDXVHWKHH[SHULPHQWDOGDWDDYDLODEOHZHUHGHWHUPLQHGDW
WKLVWHPSHUDWXUH.DVUHSUHVHQWDWLYHRIWKHURRPWHPSHUDWXUH.ZKLFKFRUUHVSRQGVWR
WKHKXPDQERG\DYHUDJHWHPSHUDWXUHDQGILQDOO\.EHFDXVHWKLVWKHRUHWLFDOSURFHGXUHXVXDOO\
VWDUWV WKHFDOFXODWLRQVDWKLJKHU WHPSHUDWXUHVDQGUHGXFHV LWJUDGXDOO\ LQRUGHU WRVWDELOL]HDQGDOORZ
FDOFXODWLRQVZLWKORZHUWHPSHUDWXUHV
 7KHRQO\H[SHULPHQWDOGDWDDYDLODEOHIRUWKHVHPL[WXUHVZHUHWKH+HQU\FRQVWDQWVHcIRUWKH
ELQDU\V\VWHP>&&S\@>&)62@UHVSLUDWRU\JDVHV$VGHVFULEHGE\+HQU\¶VODZWKHHcFDQEH
FDOFXODWHG WKURXJK WKH GLDJUDP RI WKH SUHVVXUH WKDW LV DSSOLHG WR WKH V\VWHP DV IXQFWLRQ RI JDV
FRPSRVLWLRQ,QWKHVHFDOFXODWLRQVXVLQJVRIW6$)7DSSURDFKLWLVQHFHVVDU\FDOFXODWHWKH9/(DWORZ
SUHVVXUHVDQGFRPSRVLWLRQVLQILQLWHGLOXWLRQFRQVLGHULQJWKHLGHDOEHKDYLRXURIWKHJDVHV6LQFHWKHHc
x+2
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
LVWKHVORSHRIWKHSUHVVXUHDVDIXQFWLRQRIWKHJDVFRPSRVLWLRQWKHVORSHRIWKH9/(DWDUDQJHRI
WRJDVFRPSRVLWLRQFRUUHVSRQGVWRWKHHcFDOFXODWHG:LWKWKLVLQIRUPDWLRQWKHELQDU\SDUDPHWHU[ 
RI WKH V\VWHPV >&&S\@>&)62@  UHVSLUDWRU\ JDVHV FDQ EH ILWWHG WR WKH H[SHULPHQWDO GDWD DQG
WUDQVIHUUHGWRWKHRWKHULRQLFOLTXLGV7KHRSWLPL]DWLRQRIWKH[ SDUDPHWHUZDVDFFRPSOLVKHGE\ILWWLQJ
WKHYDOXHRI WKHHc YDOXH7KH UHVXOWV DUHSUHVHQWHG LQ7DEOH+RZHYHU WKHVHHc YDOXHVGRQRW
UHSUHVHQWWKHHc IRUHDFK),/EXWWKHPRVWDSSUR[LPDWHGYDOXHWRWKHH[SHULPHQWDOGDWDWKDWFRXOGEH
REWDLQHGE\RSWLPL]LQJWKHELQDU\SDUDPHWHU[
 ,QWKLVRSWLPL]DWLRQSURFHVVWKHELQDU\SDUDPHWHUZDVILWWHGEHIRUHDQGDIWHUWKHVHQVLELOLW\WHVW
RIWKHPROHFXODUDQGDVVRFLDWLRQSDUDPHWHUV+RZHYHUVLQFHWKHILUVWRSWLPL]DWLRQLVFORVHUWRWKHLQLWLDO
PRGHO RI ),/ EDVHG RQ >&&,P@>&)62@ WKH ILUVW ELQDU\ SDUDPHWHU ZDV WUDQVIHUUHG WR
>&&,P@>&)62@DQG>&&,P@>&)&2@,QWKHVHFRQGRSWLPL]DWLRQGRQHDIWHUWKHVHQVLELOLW\WHVW
ZKHUHWKHPROHFXODUDQGDVVRFLDWLRQSDUDPHWHUVZHUHEHWWHUILWWHGWRWKHH[SHULPHQWDOGDWDRIWKHSXUH
LRQLF OLTXLG >&&S\@>&)62@ WKH YDOXH RI[ ZDV WUDQVIHUUHG IRU >&&S\@>&)&2@ 7KH+HQU\
FRQVWDQWVZHUHFRPSDUHGZLWKWKHH[SHULPHQWDOYDOXHV7KHRSWLPL]HGELQDU\SDUDPHWHUXVHGLVGHSLFWHG
LQ7DEOH

7DEOH  $GMXVWHG ELQDU\ SDUDPHWHU ȟ IRU WKH VROXELOLW\ RI UHVSLUDWRU\ JDVHV XVLQJ WKH
H[SHULPHQWDOHc REWDLQHGDW.
6\VWHPV
&2 1 2
ȟ Hc 03D ȟ Hc 03D ȟ Hc 03D 
H[SHULPHQWDOGDWD
IRU>&&S\@>&)62@D
     
>&&,P@>&)62@
 E  E  E
>&&,P@>&)&2@
>&&S\@>&)62@
 E  E  E
>&&S\@>&)&2@
DH[SHULPHQWDOGDWDIURPUHIHUHQFH
E1RWHWKDWWKHVHYDOXHVGRQRWFRUUHVSRQGWRWKHHc RIHDFK),/EXWWRWKHHcYDOXHFDOFXODWHGXVLQJWKHILWWHGȟ
SDUDPHWHU


 8QWLOQRZWKHPROHFXODUDVVRFLDWLRQDQGELQDU\SDUDPHWHUVRIWKHPL[WXUHV),/VUHVSLUDWRU\
JDVHVZHUHRSWLPL]HGDQGFDOFXODWHG7KHQWKHFRQGLWLRQVWRDPSOLI\WKHLQVLJKWVLQWKHVROXELOLW\RIWKH
UHVSLUDWRU\JDVHVLQWKHVHOHFWHG),/VDUHUHXQLWHG7KHVHFRQGLWLRQVDUHGLVFXVVHGEHORZLQWZRGLIIHUHQW
1HZ$UWLILFLDO%ORRG6XEVWLWXWHVXVLQJ)OXRULQDWHG,RQLF/LTXLGV
6ROXELOLW\RI5HVSLUDWRU\*DVHVLQ)OXRULQDWHG,RQLF/LTXLGV




ZD\VYDU\LQJWKHFDWLRQDQGSUHVHUYLQJWKHDQLRQDQGFKDQJLQJWKHDQLRQDQGPDLQWDLQLQJWKHFDWLRQ
7KHEHVW),/WRXVHDVJDVFDUULHULQDUWLILFLDOEORRGVXEVWLWXWHVZLOOEHVHOHFWHGXVLQJWKHVRIW6$)7(R6
FDOFXODWLRQV
(IIHFWRIWKHFDWLRQLQWKHVROXELOLW\RIUHVSLUDWRU\JDVHV
 ,Q RUGHU WR VWXG\ WKH HIIHFW RI WKH FDWLRQ LQ WKH VROXELOLW\ RI UHVSLUDWRU\ JDVHV WZR GLVWLQFW
FRPSDULVRQVZHUHVWXGLHG)LUVWWKHHIIHFWRIWKHFDWLRQLQ),/VEDVHGRQSHUIOXRUREXWDQHVXOIRQDWHDQLRQ
DQG),/VEDVHGRQSHUIOXRURSHQWDQRDWHDQLRQZHUHVWXGLHG7KLVFRPSDULVRQZDVFDUULHGRXWXVLQJWKH
YDSRXUOLTXLGHTXLOLEULDRIWKHV\VWHPV),/VUHVSLUDWRU\JDVHV)LJXUHVLOOXVWUDWHWKH9/(
RIWKHVHV\VWHPV),/VUHVSLUDWRU\JDVHV
 )LJXUHVKRZVWKH9/(RIWKHPL[WXUH),/FDUERQGLR[LGH,QWKHFDVHRI),/VEDVHGRQ
>&)62@Ā)LJXUHDWKHUHVXOWVVKRZWKDWWKHVROXELOLW\RI&2LVKLJKHUZKHQWKHWHPSHUDWXUH
LVGLPLQLVKHG LQERWK),/VLW LVQHFHVVDU\ WRDSSO\ OHVVSUHVVXUH WR UHDFK WKHVDPHJDVFRPSRVLWLRQ
DEVRUEHGE\WKH),/)XUWKHUPRUHWKH),/EDVHGRQ>&&,P@FDWLRQKDVDKLJKHUFDSDFLW\WRDEVRUE
&2DW WKHIRXU WHPSHUDWXUHV WKDQ WKH>&&S\@FDWLRQ ,Q)LJXUHE WKHRSSRVLWHEHKDYLRXU LV
REVHUYHGZKHQWKHVDPHFDWLRQVDUHFRQMXJDWHGZLWKWKH>&)&2@ĀDQLRQ>&&S\@>&)&2@KDVD
VOLJKWO\LQFUHDVHGFDSDFLW\WRDEVRUE&2DQGWKHVROXELOLW\LVDOVRLQFUHDVHGDWORZHUWHPSHUDWXUHV7KLV
EHKDYLRXUZDVDOVRIRXQGLQPL[WXUHV3)&VUHVSLUDWRU\JDVHVZKHUHWKHVROXELOLW\LVKLJKHUZLWKWKH
GHFUHDVHRIWKHWHPSHUDWXUH
 5HJDUGLQJ WKH DEVRUSWLRQ RI 1 LQ ),/V EDVHG RQ >&)62@Ā DQLRQ )LJXUH D
LPLGD]ROLXP FDWLRQ SURYLGHV D KLJKHU FDSDFLW\ WR VROXELOL]H 1 +RZHYHU WKH >&&,P@>&)62@
LQFUHDVHVWKHDEVRUSWLRQRI1ZKHQWKHWHPSHUDWXUHLVLQFUHDVHG7KLVEHKDYLRXULVDOVRQRWLFHGLQ),/V
EDVHGRQ>&)&2@ĀDQLRQ)LJXUHE7KHUHVXOWVVKRZWKDW>&&S\@>&)&2@SUHVHQWVDEHWWHU
DEVRUSWLRQRI1
 ,Q WKH FDVH RI ),/V2 V\VWHPV)LJXUH D VKRZV WKDW >&&,P@>&)62@ KDYHPRUH
FDSDELOLW\WRDEVRUEWKLVJDV+RZHYHUERWK),/VSUHVHQWDFKDQJHLQWKHDEVRUSWLRQEHKDYLRXUDWORZHU
FRPSRVLWLRQV7KHJDVVROXELOLW\LQFUHDVHVZKHQWKHWHPSHUDWXUHGHFUHDVHVDWORZJDVFRPSRVLWLRQEXW
WKHRSSRVLWHEHKDYLRXULVYHULILHGDWKLJKHUJDVFRPSRVLWLRQV7KHVDPHFKDQJHRIEHKDYLRXULVQRWLFHG
IRU),/VEDVHGRQ>&)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their mixtures. However, it is important to obtain more experimental data for the binary mixtures FILs 
+ gases to ensure the accuracy of the calculations herein obtain and transferred the models to other ILs 
families, extending the power of this tool.  
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3.4 Conclusions  
 In this chapter, a theoretical approach was used as a tool to obtain insights in the solubility of 
respiratory gases in fluorinated ionic liquids. In this study, experimental data were used to fit and 
calculate molecular, association and binary parameters using soft-SAFT EoS. The molecular parameters 
were transferred to other FILs families to understand the vapour-liquid equilibrium behaviour in the 
binary mixtures of FILs with respiratory gases.  
 Taking all studies into consideration, the FIL with the best capability to solubilize the respiratory 
gases is the [C2C1Im][C4F9SO3]. At all temperatures, this FIL shows a greater power to absorb CO2, N2 
and O2. The effect of the cation and anion in the solubility of respiratory gases show that this 
[C2C1Im][C4F9SO3] FIL can be consider the best candidate to use as a gas carrier in the biomedical 
application herein studied.  
 However, it is essential to obtain more experimental data with the aim to evaluate the results of 
the absorption of respiratory gases in these FILs. This experimental information allows us to validate 
the models herein proposed. Therefore, the transferability to other FILs families may be possible. This 
fact increases the power of this theoretical approach as an accurate tool to obtain results in a faster and 
simplified way allowing the study of FILs as potential candidates to replace, partially or totally, the use 
of perfluorocarbons as artificial oxygen carriers  
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4.1. General Conclusion 
 This work is integrated in an ongoing project whose global objective is the development and 
improved generation of artificial oxygen carriers containing fluorinated ionic liquids. The overall aim 
of this thesis was to evaluate the influence of the nanostructural features in the phase behaviour of pure 
FILs and study the solubility of respiratory gases in the FILs. 
 In the first chapter of this thesis, the highly nanostructured of FILs was evidenced. This 
behaviour was enhanced by the addition of the fluorinated domains, characteristic of these compounds. 
In this study, it was concluded that the FIL with best promising properties to replace PFCs was 
[C2C1py][C4F9SO3].  
 In the second part of this thesis, the solubility of respiratory gases in FILs was studied using a 
theoretical approach. These results show that the [C2C1Im][C4F9SO3] has a higher potential to solubilize 
respiratory gases, being the best candidate to use as a gas carrier. 
 The overall study herein presented, provides information about the strong tendency to these 
compounds to self-assemble. It has vital importance to understand the accommodation of respiratory 
gases molecules and build stable emulsions used as AOCs. The widely range of FILs studied in this 
work was selected with the aim to understand their complete structural behaviour. This information 
allows the design of novel FILs with more biocompatibility. The knowledge of the thermal and 
structured properties enables the choice of the best FILs to increase their solubilisation power. Then, 
FILs with higher absorption of respiratory gases can be developed. Furthermore, theoretical models, 
such as the Soft Statistical Associating Fluid Theory Equation of State (soft-SAFT EoS), produce 
accurate results, allowing the study of a large range of compounds in a cheaper and faster way.  
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4.2. Future Work  
 The increased number of applications inherent to ionic liquids make this area very attractive. 
Then, research in different fields and future work will always be innovative.  
 As a future work, the following steps can be accomplished in order to continue the study of the 
respiratory gases solubility in FILs: 
 (i) The study of toxicity should be performed in order to find the most biocompatible FILs. 
 (ii) The self-aggregation behaviour of FILs in mixtures: with gas molecules, aqueous solutions 
or biological fluids can be accomplished using Molecular Dynamics Simulations tools. Then, it will be 
possible to understand the behaviour of these systems with the aim to formulate new emulsions to 
improve AOCs.  
 (iii) The solubility of respiratory gases in FILs should be determined experimentally in order to 
support the theoretical models herein achieved. A continuous optimization of the soft-SAFT EoS models 
will allow finding the most accurate models that will open a window to transfer these molecular models 
to other FILs families. Consequently, the calculations can be as much accurate as experimental data and 
are attained faster. 
The future work will allow the total characterization of these complex systems. Afterwards, it 
will be possible to formulate new emulsions to obtain a feasible, effective and biocompatible artificial 
gas carrier. 
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Figure A.1. DSC runs for [C2C1py][C4F9SO3] at a scan 
rate of : (a) 10 K·min-1; (b) 5 K·min-1; (c) 1 K·min-1. 
 
Figure A.2. DSC runs for [C4C1pyr][N(C4F9SO2)2] at a 
scan rate of : (a) 10 K·min-1; (b) 5 K·min-1; (c) 1 K·min-1. 
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Figure A.3. DSC runs for [C4C1pyr][C4F9SO3] at a scan 
rate of : (a) 10 K·min-1; (b) 5 K·min-1; (c) 1 K·min-1. 
 
 
Figure A.4. DSC runs for [C8C1Im][C4F9SO3] at a scan 
rate of : (a) 10 K·min-1; (b) 5 K·min-1; (c) 1 K·min-1. 
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Figure A.5. DSC runs for [C6C1Im][C4F9SO3] at a scan 
rate of : (a) 10 K·min-1; (b) 5 K·min-1; (c) 1 K·min-1  
 
Figure A.6. DSC runs for [N4444][C4F9SO3] at a scan rate 
of : (a) 10 K·min-1; (b) 5 K·min-1; (c) 1 K·min-1  
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Figure A.7. TGA runs at a scan rate of 1 K·min-1: (a) [C2C1py][C4F9SO3]; (b) [C4C1pyr][N(C4F9SO2)2]; (c) 
[C4C1pyr][C4F9SO3]; (d) [C8C1Im][ C4F9SO3]; (e) [C6C1Im][ C4F9SO3]; (f) [N4444][C4F9SO3]. 
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Figure A.8. Store (G', black symbols) and loss (G'', empty symbols) moduli versus temperature measured at a 
fixed angular frequency = 10 rad·s-1, and strains varying between 0.0005% and 20% (ensuring its location within 
the LVR) of (a) [C6C1Im][C4F9SO3], (b) [C8C1Im][C4F9SO3] and (e) [C4C1pyr][C4F9SO3] at a scan rate of 1 K·min-
1; (c) [N4444][C4F9SO3], (d) [C2C1py][C4F9SO3] and (f) [C4C1pyr][N(C4F9SO2)2] at a scan rate of 5 K·min-1. 
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5x102
5x104
5x106
5x108
T (K)
303 305 307 309 311
1
0
-4
·d
G
'/
d
T
 (
P
a
/K
)
-5.00
-3.25
-1.50
0.25
2.00
307.51 K
T (K)
273.00 276.75 280.50 284.25 288.00
1
0
-5
·d
G
'/
d
T
 (
P
a
/K
)
-12
-9
-6
-3
0
278.56 K
b)
Temperature  (K)
270 290 310 330 350 370
G
',
 G
"
 (
P
a
)
10-1
101
103
105
107
109
T (K)
320.00 323.75 327.50 331.25 335.00
1
0
-8
·d
G
'/
d
T
 (
P
a
/K
)
-20.0
-16.5
-13.0
-9.5
-6.0
326.85K
c)
Temperature (K)
275 281 287 293 299 305
G
',
 G
"
 (
P
a
)
10-2
10-1
100
101
102
103
d)
Temperature (K)
260 285 310 335 360 385 410
G
',
 G
"
 (
P
a
)
5x10-2
5x100
5x102
5x104
5x106
5x108
T (K)
361.50 362.25 363.00 363.75 364.50
1
0
-6
·d
G
'/
d
T
 (
P
a
/K
)
7.550
7.625
7.700
7.775
7.850
362.73 K
T (K)
272.00 272.75 273.50 274.25 275.00
1
0
-6
·d
G
'/
d
T
 (
P
a
/K
)
-4.0
-0.5
3.0
6.5
10.0
273.63 K
e)
Temperature (K)
260 300 340 380 420 460
G
',
 G
"
 (
P
a
)
10-3
10-1
101
103
105
107
T (K)
373 375 377 379 381
1
0
-6
·d
G
'/
d
T
 (
P
a
/K
)
1.80
2.05
2.30
2.55
2.80
375.64 K
T (K)
276.00 280.25 284.50 288.75 293.00
1
0
-6
·d
G
'/
d
T
 (
P
a
/K
)
-1.80x103
1.65x103
5.10x103
8.55x103
12.00x103
284.50 K
T (K)
273.00 274.25 275.50 276.75 278.00
1
0
-6
·d
G
'/
d
T
 (
P
a
/K
)
-10
10
30
50
70
274.54 K
f)
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